NUREG/CR-6041
BNL-NUREG-52375

DUST
Dis@bs\aﬂ Unit Source Term

N
Data Input Guide
Manuscript Completed: August 1992
Date Published: April 1993
Prepared by

T. M. Sullivan

Broolkhaven National Laboratory
Upton, NY 11973

Prepared for

Division of Low-Level Waste Management and Decommissioning
Office of Nuclear Materia] Safety and Safeguards

U.S. Nuclear Regulatory Commission

Washington, DC 20555

NRC FIN L1409



Wi-1409-8

DUST
Disposal Unit Source 1ermm:

Data Input Cuide
T.W. Sullivan

AUCUST, 1992

NUCLEAR WASTE AND MATERIALS TECHNOLOGY
DIVISION

DEPARTMENT OF NUCLEAR ENERGY
BROCKHAVEN NATIONAL LABORATORY
UPTON, NEW YORK 11873



ABSTRACT

Performance assessment of a low-ievel waste (LLWW) disposal facility begins with an esimation
of the rate at which radionuchides migrate out of the factlity (i.e., the source term). The focus of this
work is to develop a methodology for calculating the source term. This work helps support activities
to develop further guidance in the performance assessment arca. In general, the source term 1s
influenced by the radionuclide inventory, the wasteforms and containers used to dispose of the
inventory, and the physical processes that lead to release from the facility (fluid {low, continer
degradation, wasteform leaching, and radionuclide trapsport). Many of these physical processes are
influenced by the design of the disposal facility (e.g., infiltration of water). The complexity of the
problem and the absence of appropriate data prevent development of an entirely mechanistic
representation of radionuclide release from a disposal facility. Typically, 2 number of assurnpons,
hased on knowledge of the disposal systern, are used to simplify the problem. This has been done and
the resulting models have been incorporated into the computer code DUST (Disposal Unit Source
Term). This document presents the models used to calculate release from a disposal facility,
verification of the model, and instructions on the use of the DUST code. In addition to DUST, a
preprocessor, DUSTIN, which helps the code user create input decks for DUST and a post-
processor, GRAFXT, which takes selected output files and plots them on the computer terminal nave
been written. Use of these codes is also described. In using DUST, as with all computer models, the
validity of the predictions relies heavily on the validity of the input parameters. Often, the largest
uncertznties arise from uncertainty in the input parameters. Therefore, it is crucial to docurnent and
support the use of these parameters The DUST code, because of its (lexibility and ability to commpute
release rates quickly, will be extremely useful for screening to determine the radionuclide released at
the highest rate, parameter sensitivity analysis and, with proper choice of the mput parameters, provide
upper bounds to release rates.

11






TABLE OF CONTENTS

ABSTRACT
STRACT ..o cemnoorsases cessssssasanans cooamenorssreia cevsesnosnnas sercansas ceesereans ceveeanenanans seeressasne ceosonasencans .
EXECUTIVE SUMMARY

y V1 i ceosssassasasanas coserseessisace seonmossenias sosnsnsres crsmseronces cesmonsenas cesesaseacssnanase vocosnsnosnes XV

INTRODUCTION 1-1
etbBUDItETEORCDCEAANIONINEEERELER wepnacaswecng FELLLE R IR ELELEL Y PeheBEOLEREROOD GLBREBEEAPPERGD R EELE R R EEX) -

MODEL SELECTION AND GOVERNING EQUATIONS .cccvirrnsnonee sosssrensansananes corenenen 27

2.1
2.2

2.4

2.6

Dust Code Framework .. vesesaesssansessrsscasanns vernersnnes reresesasass romosesnsanseretsssnansasnnses |
Radicnuckide Transport e vesvensenones verearsnes seoaseoces vesraennnones crereennernes veessnnnssasense 22

2.9.1 FD Model....cceceuennn vevereeanasenna rressessreesesennesneas cerrennees cereenenesanens resrorseeresesaone wvrenens 220
2929  Mixing-Cell Cascade ..ccovrcrnrnnene cevnnnnenane vosseerresnassassnsnies cerrnnseesasen coeesreensnnnacanons vere 26

o d 1][ 2 7
Hdﬂl OW 4ocesecooon sesaaasananinnns coenssssaanatans T e vesssonnona sacanussacanua davassauaaussieen sosmarmsssane
931 Gas Flow 28
Ziode A8 FlOW.ieioenocs vovveaasuasacsoes tewosossonnss geonsanseea cosanssasastoesoenssias covosssossecane osssansascoasause coon

- . - C
Contamer D@g]l_dd&u@n“..”n”nnweu nnnnnnnnn F O PSS TT T LT seompssmooaentn sesnecasatitnserreT m.,mi 9

241  General Failure ...oocecoceroeneens ressansnsaioe T voenseonsre vonvosesssneses resananesssesseens veceranea 210
94.9  Localized Falure...cocecscrccnconns rorrereners cosanosses preescssesas cosrancessansens vervorsnnsneononmsnsdel 1

Wasteform Leaching .....co... veoesnnaeesnane crnnesnseres preeesrannessosasensse veenenenenanes veereennennesssese U

2,51  Solubility-limited Release........ vesseeneens vevencennen veereennenne crorsnsnnasanes vrvrsrnneennresecen weeen2-18
252  Surface Rinse with Parfitioning...c.eeseemscesonscssoonscsans vevrennnneseasas ceerearancersneese 2-13

2.5.9.1 MCMC Model.......... tvesseneeessernnerace T weosnnsnaenssen resossoesosasasseas we2-14
2.5.2.2 FD Model......... vocanranonens Cvvsssnsesssessanoseseesssuesssnnss vecossnnsessessesns covoressenne 2-14

Diffusion Release Model .oveiirervicrceccces receresnuen voeereerernnen cvesseereereensnen ORI 1
Uniform Release Model ..vvveeessornssecossoscessnsnessnsscssesees seossososasosssnssesses 211
D5 Influence of Localized Failure on Release .vwoenn rossssssrasssnsans cvossisevararas 2-18
2.5.6 Selection of Release Models...cccovviceccens covesrnns revrerereeraens rerrorsessesncs rvesrnossanas 2-19

Initial and Boundary Conditions ....cccececees T sroesesseetonnensnosarase reoreennsrnrecannene coreenn 221



4.

Sy

TABLE OF CONTENTS
{continued}

PAGE
PROCEDURE FOR CALCULATING RELEASES USING DUST covocvoivvncsrermnnasaososess 3-1

APPLICABILITY AND LIMITATIONS OF THE DUST (G0 1) DR ) |

AT TLAITEEABIONS weovorreneoserssrmasmsoneonsonessesssssesssnsnasnassssss stass 1843883t Enas88IEEEE ISR S0 n ST SO ST 000 4-1
VERIFICATION TESTS ouvirrreerseonecrssssonssrssisssonssessmeesssmssssnsnssssmssistasmsssssnsssosesnsssisssmsaisssases 5-1
DUSTIN: A PREPROCESSOR THAT CREATES AN INPUT DECK FOR DUST .....6-1
6.1 General Problem Defliilons. . rmsmmmessssssseiessscsscnsessissmmasmamissoneccesssmiusanmns 67
6.1.1 ProOBIEITt THIE cveveereomeercmsersssstsssansssoscrsssorsrmeasaensscnsissasssamnesssasaossassssssssssenmaamssacsess 6-7
6.1.2 TRACHOTIICIIAL +ovnmeroceeomsmsserersccrerssensssssnstssasanosonosoasissstssstiasencsssstosassssusanassatsnsnsoses 6-7
6.1.8  Units Flag for Mass INPUL cooueeirmmeicecsccssrssmmmammssnsessssssmimsisssenssesssisniines 6-8
6.1.4  Number of Computational Cells oo eismmmimeinmecmssmimencicrsmeoncmee 6-8
6.1.5 TrANSDOTE THAG coverecnensmonmmerosscessorasmensessessissassinnasssssssssssnsssusssissnissnasesssesmsspssssasasasss 65-8
6.9 TIIE PATATIEIETS 1ovvereessesesssssosorsosscestssssressnrsssestassasssismases i sssses0ussyassasssssesssiosbysissssssnsssss 6-9
6.2.1 Timne TEervals (FII) oo eeoieseescessossossmissonenacesnstssasssssmssesnononcsrasssaseasanasmsaesose 6-9
¢.2.2 Number of Quiput (MCMC) or Time Step Changes (FD} covrevnnenicnnsiisnannnnss 69
6.2.3  Output Times or Time Step Changes .o 6-9
6.2.4 Tnitial Time SEED (FI) cecorereemmercmmmnsassmnsecssssesmmsmssismsssocensonsesssinsesssisasnesensocesiss 6-10
6.9.5  Fractional Time Step (FD .o 6-10
6.2.6 Maxinnum Time SED (FID) cuorercrsrseconmmmossmnusssnscssinsissenssammammensesnsnnonaes 6-19
6.2.7 Maximum Simulation Time (FD) v 6-11
6.3 Material Assignments/PIOPETUES wuwirirrsmsssessesssrsssmeenscssseasissmsassasseensscssimsissssmsanee 6-11
6.3.1 Number of Different Materials.....cccocereensrmermroscsieresismmiainssesecesssiiinsnae 6-12
65.8.2  Maierial Type Assignments e v sseessesaseassessssssassasomssosssssasssnssssnsssa: 01 2
6.2.3  Material PrOPeries. o e ciorccsmsmmrerasnsessasmssssmnsmstisssssssmiiisasnssassscsnsssssscsosssasoss g-14

vl



CENTS

TABLE OF CONT

{continued)

PAGE

6.4 Output Specifications ......... reeoesesosestesnassensssrssasenansiees vemeesnecennsroann veseensneens cereeasesees wenB-16

6.4.1 Printer Control Parameters ....ccoeeene creseesotorseesssenaaesasashesnsstess cevssasenns revnnnss =16
6.4.2 Nurnber of Concentration TTACES vewwmmsamomees sesesoseressinssasssans vecesessssanes 0-18
6.4.3 Location of Concentration TTraces comesmcsnmo verenesonee cevessrsonins rrveosanonns 6-18
6.4.4 Number of Fhix TTACES coeonsmmmocsscsmsiriassscsssssnsisasenss crerernanes covonreesnense veons. D19
6.4.5 Location of Flux Traces ..o R treareearesneesnassosstssan vreenereneas voreressesuns reroronn0-19
6.4.6  Number of Time Steps Between TTaces oo veerenerenen w519

6.5 Facility Dimensions and COOTAINAIES wervesersererrssesssmmmssrmmstissmmmseniccieinss crrnneennesess cereeeres0-20

6.5.1 Height of the Factlity ........ e vieeressesssessassseRescesistsiTaResEEORiTnars ST veransnenens ..5-20
6.5.2 Cross Sectional Area .o e eevvessessesssesssesnensEosansss ssaverases rvovransossens recrerenneses 6-20
6.5.3 Node Coordinates {FD Model) ......... ereorestesnsesoetsssuarassatassnasens croneassossares R

6.6 Initial and Boundary Conditions ... rrerreneseasabeansscessenssrsanaananns veareesecsens cerrensneser .6-22

6.6.1 Imitial Conditions........... vevssencanes ceevensannensosserssseseresissrssanas rrerencens ceceseeseancas corvereecD-23
6.6.2  Top Boundary Condition Fag ..o croasesneos vrosnennnens reesereesnrens .0-26
6.6.2  Bottom Boundary Condition Flag.....oee... concererensnanensssresisanans veenracneasaes crennnnns 320
6.6.4  Number of Boundary Condition Data POINLS vorvereorocsencane reoeonesssesnorsannasnesas ...8-26
6.6.5 Boundary Condition Table for the Top Boundary ... veeeoenenane ceosenenesD-20
6.6.6  Boundary Condition Table for the Bottom Boundary ... resssneneennes cena3-27

6.7 Water Flow and Moisture Content. ooe.eeeee. censmmrnne U pevoereres R roesseneasce resseressrsont e 027

6.7.1 Darcy VeloCiy coveemecessencnonsnse vesnnenee reeerennesssasneenssncsenns sevncasesens cresseasenencos ceneenc3-28
6.7.2 Moisture Content Values....... sevessoseacossessens teveeraeasssnasarnssssinsessas tvossrasentenas eereeneens 729

6.8 Container Parameiers. o, e eeevessssesescsesssyaseasTERS IR RSO0 bE DRSSO S S reossnmassesanns O3
6.8.1 Number of Containers ...commeees corenearas torverensasessssansssaracess vesreesseanar reresseessnnsanens D02
6.8.2 Time of General Failure ....... conmeasnas T N . veeererenn vesameanessanes reronnanens 6-32

6.8.3 Location of the Containers ... T pareraes Levesnsoenaseesaretassueesennasisisas corenee D=0
6.8.4 Number of Failure Types (FD} vovvvcionsnne SR errvonens creorennen sevnesensrsienne SR % )

Vit



TABLE OF CONTENTS
{continued)

PAGE
6.8.5 Corrosion Model FIAZ. . sessrssssmmmesssssssmsssssocsmsssmssainensscssesssasssnss 6-36
6.86  Localized Failure Paraimeters ceecimsenmsmescsssssaisaisssomssnssassnssmassssesssscssrass 6-36
6.8.7 Assignment of Localized Failure Parameters to Each Confainer. oeeemreee 6-38
6.9 WastefOr PaTaImIELETS . ereerssssismasmsssnsoscriocsstsssmasmsecsssmessatnssanssmasomsesssesstussnusenaccnsssnesssess 6-41
6.9.1 NUMIBer of Waste TYPES veccceromserecsimmmssmsenscssmnmmssmssissnionsonssssriussassassssaseasanesseses 6-41
6.9.2 Finite Difference Model Release Rate Pararmeters. oo 6-41
6.9.3 Mixing Cell Model Release Rate ParaimelerSu e ommmenssseisnmenmmaiasees 6-46
6.9.4 TEHHA] TIIVETHIOTY coveveersesmeasnssesosssmossumssssenssessiseareasmnsssomscessssmstaisessasssssatssasnessasusnsss 6-47
6.0.5  Waste Type Assignment to Each Conaimer. e 6-48

6.10 External Source/Sink T@msbiﬁ@

£.10.1  Number of SoUrce NOGEs . rimecsccesmimmmesssennmessinsmammamnnssimusstmmsnsenee 6-50
6.10.9 Number of Source Profiles .o 6-50
6.10.3 Number of Source Data POIS.cocewereommrmsseescmmsmmesssmmessmisisnsssmssesin 6-50
6.10.4 Times and Values of the SOUITES wwemssmmemmsmiiemmserenm s 6-50
6.10.5  SOUTCE LOCATOIIS cvrvermssenvemsoreceerssmsersemsensssosssmasnssnassssssiasiismasmssusesiscssssssmssmasiisnneses 6-51
6.10.6 Source TYDE ASSIERITENLS vururrrrseressossorsssonsiosssistisssmssmsomomesssrmaeenimmmsesesecsees 6-52
6.11 Create an Input Deck for Use by the DUST COCE cvreeireersiensssssoosesssssssorssnanenssssassstossss 6-53
6.192Store Partial Input in a BLOKXEX FIE v 6-53
6. 12 FKE e PTOGTAIIL vvvevrrerercroessesssosanirsisrascesosssssassasamsssnsensessoassmasssuessssomssssssustasssmssassussononees 6-54
STRUCTURE OF A DUST INPUT DECK oo ieviviimranisemensssmmminssnsesssemsssmisnissinmsensess 7-1
71 DATA SET 1: Title and General Problem Definition (Menu 1) voeerocecmmcmmoencessose 7-10
7.9 DATA SET 2: Time Parameters (Menu D) 1 oveverecerscsnnesensaessesssnsassanasssnensasasistss s s asas 7-11
75 DATA SET 3: Material Assignments/Properties (Menu 3] srecrsrersesnsmesesersnsnsansasasasasens 7-12
7 4 DATA SET 4: Output Specifications (Menu AY eorereiseesnsnssnsssessssssissss s sesccssssnoncess s 7-15
7 5 DATA SET 5: Facility Co-ordinate Data (Menu 5) severcrenareenessassssninsainnassnsnsnensssassias 7-16
76 DATA SET 6: Initial and Boundary Conditions (Menu 3) TR 7-17
77 DATA SET 7: Water [low Parameters (MEIM 7] vevrnerercscronsmmrmmsnssnsnsassssusassasissnasasansnse 7-19
7.8 DATA SET & Container Parameters (Menu Y. eessonsenccorencsorereartsssnnsssssnaneusaossssenats 7-20
79 DATA SET 9: Wasteform Leaching Parameters (Mena T} vveeernrnrarsssenecenneresrsssasans 7-23
7.10 DATA SET 10: External Sources (FID Model OIY) covvecvsocecansrnsnnensesnsencssesessnsensnanansons 7-26
TABLE OF CONTENTS

viil



{continued)

PAGI

8 DUST OUTPUT FILES .orveececsccenmoronsssmsessisssmmssssonsessssssiasmasestsnssonssssssstisnisnssasensassasmnssecsenses 8-1

8.1 Primary Ouipul FIle cooecininiinmmminssnesismorsisesmsmsmsesisssssmsensmamssssesscsssmsnsesn: 8-1

8.9 Concentration Trace Fife (TRACECND.DAT) oonececcimmmnicinmennmimnicnines 8-9

2.9 Fiux Trace File (TRACEFXDIDAT) ccccvrcnmimnenmnsisinimmssnssnssionsesisssesssamaes 8-11

8.4 Concentration File (CONCNTIDAT) coovirercmcecmmmiimsmminisassesnscssccecesnsmiossnssseses 8-13

8.5 Wasteform Release Data (LEACHRLIDAT) coccrrerececismmmnmnecsineconeneosssssmmsaseanasscs 8-16

9. INSTRUCTIONS FOR USE OF GRAFXT v 8-1

9.1 Selection of the File for Ploting. ... c.cercommmsmreesimm oo amssssesssrsassssces 9-1

09 Selection of the PIOL Variables e smimcimenecsmeissnsinimimsmsnosisnsastsisssstsismmsessnss 9-1

9.9.1 Number of plots per graph - Independent variable 15 HITIC evvererrorersneneserassessesnarons 9-2

9.9.9 MNumber of plots per graph - Independent variable 18 dIStANCE orvoecrscassisiennn. 9-3

0.3 Creating @ POt virveeomcerconscssmssssesssiemmsnaensanessssssiiosssinmscssssconnas s saimssstissansasssssssmsnonsssessss 9-4

Q.4 CUsStONUZING & PIOT.cuecorrecenscrecissssssnmismsessanscsmssmssssisissssssssssssonsostassssssssmisssnasnssasnsnscnseaensees 9-4

0.4.1 Changing the Plot Orighil oo 9-6

9.4.9 Changing the Axis Labels .....cvceimimmmnmmeinnissmime 9-6

9.4.3 Limiting the range of the data ..ocomecmsneees 9-6

9.5 Creating AGIONa PLOLS cvveresresscricscemmmssesssmsssissiiessiissiessmscecnsnmssssiusissssssasssonssnsseons 9.7

10, CONTLUSTONS wvrveeererseriiiiesasessessereescseseasssmsmammnsassscnsrsissmssssesmasssssssssstsssssssssesasasnsssssesoss 10-1

11, REFERENCES cooicicterioecscasnoenmsmeessssosssnsrssesenisssosnessssssiissssassasessssossossssssassssassossssnosiornesssassosors 11-1
APPENDIX A: Mathematical Description of the Models Selected

for Source Term ANAIYSES .. crecccsrsssmmemssssarmsessmrmssssnsnmmissssonesessesssssosscsssessssns A-l

APPENDIX B: Flowchart for the DUST Code .covierreerssesiomemmmesscsnoncrosossmscscssssinasamnss B-1

APPENDIX C: Data Requirements for the Pitting Model in Subroutine Breach ..o C-1

1%



Figure 1.1 Schematic diagram of a LLW Disposal MU, essesensnssenecscsessseessssessasessnsersniosssranssssaesoasess b2

Figure 2.1 Schematic representaton of the mixing cell cascade approach.

(a) = single mixing cell, (b) multiple MiXINg Cells cccroreermmiererecmeciniriciinssiiomninians 2-3
Figure 3.1 Flowchart of the procedure used to take waste stream/wasteformy/

container inventory data and define the necessary mput parameters

to estimate the release rate from a disposal facility e esaerecsssin s asnnasaassosonseroseronsces O

Figare 3.2 Schematic outline of the procedure used to analyze release
from a LLW disposal facility using the DUST code package reevesienesssnnssensanaseesaceeso Il

Figure 5.1 Test case 1, comparison of the DUST finite difference model
predictions with the analytical solution for a pulse source
at %=0 for 5 days. Retardation and decay are modeled. covnmiiinicrcnnmeccnenn. 5-3

Figure 5.2 Test case 2, comparison of the DUST finite difference model
predictions with the analytical solution for a pulse source
at =0 for 5 days. The decay term is zero in this SIMUIEHON .o 5-4

Figure 5.3 Test case 3, comparison of the DUST finite difference model
predictions with the analytical solution for 2 uniform inttial
concentration, zero total flux at the boundary x=0, and an
EXLETTIA] UTIITOTIIL SOUTCE. 1rueerseroececseesersarsessessseosesssosnnmssessssansessssstortssssrisissasssasssssasoss 5-5

Figure 5.4 Test case 4, comparison of the DUST finite difference and
mixing cell cascade model at three locations. There are
19 wasteforms, each one meter in length separated by one
meier of soil beginning at x=¢. The container failure time
difTers for the wasteforms as described in Table 5.2.

Release and transport parameters can also be found n
TABIE 5.2, 1eerieesrersoronsensssstostssesossessnsssastonsssssssssstsanasasssssasssssssasssssesisensssannasnsassosssanoses 5-8

Figare 7.1 Plot of concentration versus time 3 and 23 cm beneath
the last wasteform for the test problems in Table 7.1 (FD)
and Table 7.2 (MO, curvrreresssecrecesesmmseersrmsenssossnsssssssmassssssssssesssssssnsensnansasassssnssos 7-7

Figure 9.1 Typical graph created by the program GRAFET wiiissssissssciscscnn 9.5



T ST A TD Y TN
LAJ'&S J!‘, "(k 1':‘ .%L Aj’i%i_ef,ts

PAGE
Table 2.1 Model Selection SUMMIMATY co. ittt e 2-90
Table 5.1 Parameters used (o verify the finite difference transport 8 510 1) [PURUUUUIUII 52
"able 5.9 Parameters used in test case 4: Comparison of the mixing cell

and finite difference model TesBS. ..o emmessosmiiimiseceneeeesiumimia e 586
Table 7.1 Sample finite difference input deck for a single material with

containers failing at either 5 or 6 years. Release mechamsms

include rinse and uniform dissolution. Blank cards are denoted

by the word BLANK i colummns 1 - 5 vvcenmcciommmmncmcciommss: 7-3
Table 7.9 Sample multi-cell mixing cascade input deck for a single

material with containers failing at either 5 or 6 years.

Release mechanisms include rinse and uniform dissolutior.

Blank cards are denoted by the word BLANK in columms | -5 e 7-5
Table 7.3 Input cards required to specily an EXIETTIZ] SOUTCE coverrrrneersorossossoosiosrannasasasssnecscessesssssss 7-28
Table 8.1 Typical prirnary output file when the FII transport model 19 B veveeeononemoorinsnonsinnns 8-2
Table 8.9 Typical primary output during the computagior when the MCMC

ransport MOGE] I8 USEM c.uvimrmmmresrersssanitssnsssssecesssssmsnmarminaserssnescs s siensies 8-10
Table 8.3 Typical concentration trace file, TRACECNIDLDAT covevrereessmsesesmsmnsnassnenesncesssacsnsenss 8-12
Table 8.4 Typical flux trace file, TRACEFXD.DAT oo 8-14

Table 8.5 Typical concentration versus iocation file at fxed times, CONCNT.DAT ...cccocvvnenne. 815

Takle 8.6 Typical wasieform release output file, LEACHRL.IDAT coorerevicrssmrmnienniinesssosocsanne 8-17

Xiii






EXECUTIVE SUMMARY

The 1.S. Nuclear Regulagory Comunission (NRC) Regulation 10 CFR Part 61, "Licensing
Requirements for Land Disposal of Radioactive Waste,' requires that after disposal of low-level wastes
(LLW) there is reasonable assurance that the general public will not receive annual ofl-site doses n
excess of 25 millirems to the whole body, 75 millirems to the thyroid, and 25 millirems to any other
organ.

Demonstration that these regulatory limits are not exceeded reguires the quantitative assessment
of the potential radiological impact of a LLW disposal facility on the surroending envirenment.
Fyaluation of these impacts is accomplished through a performance assessment which includes
estimates of the following processes for each radionuclide: {a) the rate of release from the disposal unit
(.e., the source term); (b} the transport from the disposal unit to the accessible environment; and (c)
the conversion of the radionuclide concentration at the receptor site into an equivalent dose.

The objective of this project is to provide a computer model that estimates the radionuchde
release rate from the disposal facility, that is, the source term. General guidelines used while
developing the computer model included: use of 2 modular structure to allow further refinements,
limiting the complexity of the models to pernuit the code to be capable of running quickly on a desktop
computer system, and including the flexibility to handle a wide variety of situations typically
encountered in LLW disposal.

Tn general, the source term is influenced by the radionuckde inventory and its origin G.e., waste
stream), the wasteforms and containers used to dispose of the inventory, and the physical processes
fhat lead to release from the facility. The complexity of the problem and the absence of appropriate
deta prevent development of an entirely mechanistic representation of radionuchide release from a
disposal facility. Typically, a number of assumptions, based on knowledge of the disposal system, are
used to simplify the problem. The assumptions used while selecting the modeis o represent
radionuclide release from the disposal facility and the rationale for these assumptons was presented
in a previous report in this program [Sullivan, 1991al.

The models selected to represent the four major processes (fluid flow, container degradation,
wasteform leaching, and radionuchde tramsport) influencing release have been incorporated into the
computer code DUST, Disposal Unit Source Term, and are described 1n this report.

The DUST code permiis the user to select from two different methods of calculating the
transport of radionuclides through the facility, the Multi-Cell Mixing Cascade (MCMC) model and the
one-dimensional finite difference (FD) model. The MOCMC model is an analytical solution of the
advective transport equation with radioactive decay and chemical retardation for constant flow and
material properties. The model does permita ynigue time to container faiture and wasteform refease
rate for each mixing cell having a container. The MCMC model requires relatively Jittle computer
time to operaie. The FD model solves the transport equation with the processes of advection,
dispersion, retardation, and radioactive decay. It is capabie of modeling a wider range of conditions

than the MCMC model as it permits non-uniform ow and maierial properties, however, it requires
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substantially more input and computer e, A complete discussion of the diierences belween
two models is presented i this report,

The DUST code models fluid flow through tabular input of the fiow velocity versus time when
using the FI) model. For the MCMC model, a time-independent flow velocity must be specified,

Container degradation is modeled in both transport models through a unique container failure
time. The value for this parameter should be selected based on the materials and expected
cnvironment. In addition, the FD) model permits localized cont iner failure. In the localized failure
model, a fraction of the container becomes breached prior to total failure. This permits an earher
release of contamninants from the wasteform.

Wasteform release is modeled through three release mechanisms: a surface rinse process in
which radionuclides are released upon contact with the solution, partitioning between the wasteform
and solution can be modeled when using the FI transport model; diffusion controlied release from
the wasteform (FD transport model only); and uniform release in which a fixed fraction of the
inventory is released every year. All of these release mechanisms account for radioactive decay of the
source. In addition, for the uniform and surface nnse mechanisms a check is performed to insure that
releases do not cause concentrations to exceed a user defined solubility limmt.

To ease the burden of creating an input deck a pre-processor, DU STIN, was writien. DUSTIN
is 2 menu driven program that guides the user through all of the necessary steps of creating an nput
deck. Use of DUSTIN permits the user to creaie an input deck without knowing the formatted
siructure used by the DUST code. A complete description of DUSTIN and its operation is provided
in this report. To allow direct modificaiion of an input deck, a complete description of the formatted
structure of 2 DUST input deck is also provided.

To facilitate the analysis of the output from the code, the program GRAFXT was written.
GRAFXT is 2 menu driven program that reads files created by DUST and plots the data on a video
display unit. Graphs of the concentration, flux, and total mass that has passed through a reglon can
be displayed as a function of time or spatial location.

The DUST code has received extensive testing and verification. DUST code predictions have

been compared to known analytical solutions as well as other code predictions. A discussion of several
of these verification tests is provided.
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The DUST cade improves upon existing models i more exibility s ved in modeling
the various waste stream/wasleforny/coniamer systems whike still retaining relatively simple models that
do not require extensive computer time or provide an undue burden on the code user in terms of
input requirements. However, the models used within the DUST code are based on a number of
assumptions. A complete discussion of the limitations that resuit from the assumptions is presented.

Tn using DUST, as with all computer models, the validity of the predictions relies heavily on the
validity of the input parameters. Often, the largest uncertaintes arise from uncertainty i the input
parameters. Therefore, it is crucial to document and support the use of these parameters.

The DUST code, because of its ability to compute refease rates quickly, will be extremely useful

for screening to determine the radionuclides released at the highest rate, parameter sensitivity analyses,
and, with proper choice of the input parameters, provide upper bounds to release rates.

xvil






1. INTRODUCTION

The 11.S. Nuclear Regulatory Commission (NRC) issued the regulation 10 CFR Part 61, "Licensing
Requirernents for Land Disposal of Radioactive Waste' [FR, 1989]. 10 CFR Part 61 Tequires, in part,
that any "proposed disposal site, disposal facility design, land disposal facility operations (including
equipment, facilities and procedures), disposal site closure, and posiclosure institutional control are
adequate to protect the public health and safety...! Protection of the public 1s judged by requiring that
releases which may occur must be demonstraied with reasonable assurance not o exceed an
equivalent dose of "25 millirem to the whole body, 75 millirems to the thyroid, and 25 to any other
organ of any member of the public." This requires the quantitative assessment of the potential impacts
of a low-level radicactive waste (LLW) disposal facility on the surrounding environment. In particular,
estimation of the dose to the maximally exposed individual is required.

Fstimation of the dose to man is accomplished through  performance assessment. A proposed
strategy for conducting such an assessment has been presented by the NRC [Starmer, 19881, Further
guidance will be provided by the NRC in their Branch Technical Position on Performance
Assessment, preparation of which is in progress. Work under this project supports activities in the
development of additional guidance. In the proposed performance assessmient strategy, performance
assessments are conducted through combining a series of separate calculations. These calculations
include estimating the rate of radionuclide release from 2 disposal unit, {i.e., the source termy), the
transport of the radionuclide from the disposal unit to the accessible environment, and, finally, the
conversion of the radienuclide concentration at the receptor site into an equivalent dose. Examples
of this approach can be found in the reports produced for the NRC by the stafT at Sandia National
[ aboratory [Kozak, 1989; Kozak, 1990: Ch, 1991].

"The objective of this project is to provide copputer miodels that estimate the radionuclide release
rate from the disposal facility. A disposal facility is a complex, heterogeneous collection of
wastes/wastelorms/containers, scils, and engineered structures {concrete vaults, backfill, vault covers,
drains, etc.). For most radionuclides, release from this disposal unit is controlied by access of water
to the wasleform, release from the wasteform, and transport the disposal unit boundary. These
processes are mfluenced by the design of the disposal umi, hydrology, geochemistry and
wastelorm/contzainer characteristics. A disposal unit is schematically depicied in Fig. 1.1 and typically
contains a multi-dayered cover to divert water away Irom the waste; an engineered barrier to further
reduce water fow to the wastes (for rench disposal there is no engineered barrier); and metalbc,
concrete, or HDPE waste containers. The waste comes in many forms including solidified in cement,
dewatered resins, activated metals, dry solids {e.g. contaminated paper, cloth, rubber, piastic, glass,
ete.).



Figure 1.1 Schematic diagram of a LLW Disposal Unit.



A ent me physical and ch

(3

7
|

C ersome and dillicult task. Even if one could develop models for ali cond
would be restricted by data Emitations and the extensive computer ame that

Lk }TﬂiS, IR | :
would be needed.

Therefore, simplifications are justfied. The simplified models should account for the most
important physical processes and parameters influencing release while retaining as much accuracy as
nossible. Further, the models should be flexible enough to simulate the wide range of anticipated
conditions and not be overly conservative.

Previous reports on this program, [Sullivan, 1991b: Cowgill, 1992; Cowgill, 19922}, presented a
review of waste disposal practices, physical and chemical processes that influence release from the
facility, reviewed other source term modeling efforts, and recommended models [or incorporaion into
2 source term computer model. These models have been embodied into the computer code DUST,
Disposal Unit Source Term.

Chapter 2 provides a description of the mathematical models and governing equations used to
represent water {low, container degradation, wasteform leaching, and contaminant transport. A
discussion of the range of the parameters in the various models 1s also provided.

Chapter 3 discusses the procedure used to operate the DUST code. In addition to DUST, a pre-
processor, DUSTIN, was writlen to assist the code user in creating an input deck and a post-processor,
GRAFXT, was written to take output files generated by DU ST and plot them on the video display
it

Chapter 4 discusses the limitations of the models.

Several test problems with known analytical solutions have heen simulated with the DUST code.
The results of these verification tests are presented in Chapter 5.

Chapter 6 presents detailed instructions on how 1o use the pre-processor DUSTIN. This code is
menu driven and asks the user for all of the variables needed to ran DUST. DUSTIN will take this
‘oformation and write it to a file in the form required by DUST, thereby, climinating the need to know
the exact structure of an input file, This chapter also discusses the input parameters and provides
guidance on their selection.

Chapter 7 discusses the format of the mput required by DUST. This permits the user to create or
modify an input deck without using DUSTIN. Sample input decks are provided and discussed.

Chapter 8§ discusses the various output files created by DUST. In addition to the main output file,
which contains the problem definition and the requested output {conceniratgons, fluxes, and wasteform
mass release rates), DUST creates files containing concentration, flux, or total mass that has moved
past a given location for use with GRAFXT, and. files containing information on the wasteform release
rates.

Chapter 9 discusses the use of GRAFXT, the graphics program for DUST cutput files,
TRACECND.DAT, TRACEFXD.DAT, and CONCNT.DAT.
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9. MODEL SELECTION AND GOVERNING EQUATIONS

A LLW disposal unit is a complex, heterogeneous collection of wastes/ wastelorms/containers,
soils, and engineered structures {clay caps, concrete vaulis, drains, etc.). Aqueous release of
radionuclides from this disposal umnit is controlled by water flow, access of the water t© the wasteformm,
release of the radionuclide from the wasteform, and transport {0 the disposal unit boundary. These
processes are influenced by the design of the disposal unit, precivitation, hydrology, geochemistry, and
wasteform/container characteristics. To model the complete disposal umit, including every waste
container individually would require a three dimensiona! model that considered all of these processes
simultaneously. Such a model does not exist today. Even if such a model did exist, its use would
require extensive computing times and the accuracy of the predictions would be questionable due to
limnitations in the data.

Therefore, simplifications from a fully descriptive three-dimensional model are justified. These
"simplified’ models are a necessary siep in developing predictions of the behavior of a LILW disposal
site.

The "simplified” models incorporated into DUST account for the most important physical
processes and parameiers influencing release. Further, the models are fexible enough (o simulate a
wide range of conditions. For example, multiple container failure and wasteform refease rates can be
modeled.

The DUST code has been developed in a general manner which allows simulagion of the majority
of sitnations expected (o occur. However, to account for the possibility of special cases and allow easy
modifications of the models within the code to reflect new and better information, the code structure
15 modular.

In the Tollowing sections, the framework for the DUST code is presenied. Within that framework,
the models for the four processes (water flow, contziner degradation, wastcform release, and twransport)
that influence release are discussed separately. This chapter contains the basic equations that govern
the release and transport within the facility . However, the detailed equations describing the analytical
solutions used in modeling these processes are presented in Appendix Al

91 DUST Code Framework

The ultimate ohjective of the DUST code s to predict the rate of release of radionuciides from a
shallow land disposal facility. As discussed earlier, this will be accomplished through use of computer
models. These models should be simple enough to Jllow simulation of a large number of cases and
flexible enough to allow simulation of a wide range of sitnations. To achieve this one can use analytcal
or numerical solution procedures. Analytical solutions often have the advantage of being easier to
compute than nummerical solutons. Numerical solutions offer the flexibility to model a wider range
of conditions. For these reasons both are incorporated into the DUST code.

The DUST code was written in an attempt to achieve a balance between the use of extremely

simple but conservative assumptions which lead ic high predicted release rates and complicated
models that inchude all of the known physical and chernical processes that influence release but require
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{his balance, assumptions regarding which are the most important physical parameters and
of detail needed to calculate these parameters have been made. These are discussed in detell n the
model selection report [Sullivan, 1991]. Also, a pre-processor, DUSTIN, has been written to ease the
burden of creating an input deck. DUSTIN is discussed in detail in Chapter 6.
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The primary equation for predicting release from the disposal facility is the contaminant transport
equation. In addition, there are models that supply information on fluid flow, container degradation
and wastelorm release. For calculating transport, two models are permitted, the Multi-Cell Mixing
Cascade (MCMC) model and the Tinite Difference (FD) model, A flow chart of the various
subroutines that comprise the DUST code is presented in Appendix B,

The MCMC mode! divides the modeled domain into mixing cells. Each mixing cell has the same
size and transport properties. However, container perfermance and wasteform release may vary
between mixing cells. Using this approach, an analytical solution of concentration versus time may be
obtained for any mixing cell {Sullivan, 19911, This solution is presented in Appendix A.

The FD model divides the modeled domain into finite regions called control volumes. The ¥D
model is a generalization of the MCMC model and permits more flexibility in modeling different
sitnations. In particular, the FD model permits different transport properties in each node,
diffusive/dispersive transport, and more general wasteform release models.

“the differences between the two transport models ieads to substantial differences in selection of
the container degradation and wasteform release models.  Therefore, the transport models are

discussed first.

9 9 Radionuckide Transport

Two alternative methods have been selected to model transport within the disposal facility. The
mulii-cell mixing cascade (MCMC) models {Fig. 9.1] used in the PAGAN performance assessiment
code [Kozak, 1990; Chu, 1991] have been generalized to allow more realistic estimation of the releases
from the disposal facility while still retaining an analytical solution procedure. In cases where the
assumptions used in obtaining the analytical solutions are not appropriaie, a one-dimensional frmite
difference (FD) model is provided.



Figure 2.1 Schematic representation of the mixing cell cascade approach. (a) a single mixing cell, (b)
muitiple mixing celis. {From Kozak, 1990}
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D ~ the diffusion-dispersion coefficient,
Du= effective diffusion coeflicient;
a - dispersivity coefficient;

Vo = Darcy veloaty;

A = radioactive decay constant;

S = adsorbed concentration, the mass adsorbed per unit mass of the solid;

p = bulk density of the solid; and

q ~ source/sink term used to model release from the wasteform and external sources, €.g.

production due to radioactive decay.
In Egn. (2.1) we assume that the mass adsorbed on the solid surfzaces is in equilibrium with the
ass in solution.  Further, we assume that this equilibrium can be described using a concentration

independent distribution coefficient, Ka, as follows:

S:ch

Using the above relationship for S, assuming that the bulk density remains constant within the
disposal facility and rearranging Eqn. (2.1}, the following equation is obtained:

5 a( _sC) 8
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where:

R=1+2E
6



R is known as the retardation coeflicient. Values of the distribution coefficient (Ko} are known (o
change by orders of magnitude under different chemical conditions. Therefore, the value selected for
K, must be well supported. Typical Ka values for a range of conditions have been compiled in several
reports [Thibauli, 1990; Looney, 1987: Baes, 1983].

2.9.1 FD Model

The FD model takes Eqn. (2.3) and transforms it into a set of coupled algebraic equations
using a control volume approach. In this method, the modeled domain is divided into control
volumes. A mass balance is performed for each control volume through approximation of the
derivative terms i Eqn. (2.3) using finite differences. The time derivative is estimated using a
backward difference procedure. The diffusion/dispersion term 1s estimated using central diflerences.
The advection term is modeled using an upwind difference. A complete description of the control
volume approach and the resulting systern of equations is presented in Appendix A.

The FD model is quite general in that in principle each control volume could have a different
retardation coefficient, diffusion/dispersion terns, moisture content, and source/sink term. {(In
practice, DUST permits only 10 different material types per calculation) This flexibility permuits
simulating the effects of caps, engineered barriers, and backfill using different parameters. In addition,
the source/sink term containg two COMpONENts, a wasteform term and an external term. The
wasteform term is calculated using the release models described in Section 2.5.

T the MCMC model, migration is permitted only through advection altered through the effects
of retardation in the downward direction. As stated previously, the mixing cell cascade model does
not model diffusional or dispersive transport and does not Now for migration up towards the surface.

Diffusional transport may be an important process during the time period when the enginecred
harriers provide protection against waier flowing through the waste containing region of the trench.
Dispersion may be important in causing carly releases and in spreading the contaminant causing lower
peak concentrations.
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2.9.9 Mixing-Cell Cascaae

The mixing cell cascade model divides the disposal facility into a number of uniform size
mixing cells as depicted in Figure 9 1. Within each cell it is assumed that the contaminant released
from the waste form is uniformly mixed thereby giving a uniform sohution concentration. In order to
obiain an analytical solution the following assumiptions are made:

a) Migration is dominated by advective low znd therefore diffusion and dispersion can be
ignored.

1) The advection velocity, moisture content, and the retardation coellicient are constant
throughout the disposal facihty. Although these parameters will show variations due to
different materials in the facility, they should be selected to provide a representagive
average for the entire facikity. Obtzaining a time-independent average value for the
retardation coefficient in a multi-layered system is not a trivial task. Examining Eqn.
{2.5) it is seen that during & transient, the importance of the retardation coefhicient
depends on the gradient In concentration which changes in time. As an example,
consider 2 problem that has a source ot the boundary and two different material regions.
At times prior to the contaminant arriving in region 2, the effective system retardation
coefGcient is that of material 1. As contaminant euters region 2, its transport
characteristics play a role in determining migration and the effective retardation
coeflicient becomes a function of the region 1 and 2 values. At later times, if region 1
obtains a quasi-steady state (S¢/O=0), the retardation coefficient in this region becomes
unimportant and the system retardation coefficient would be close to that in region 2.

In general, if the retardation coefficient within the disposal facility varies greatly from
region to regio, it 1 recommended to use the FiJ transport model.

Using these assumptions in Eqn. (2.8) the transport equation for the i* mixing cell becomes:
i |

a

where the subscript i refers to the " mixing cell.

For a disposal facility of height H, there are N mixing celis of height h (h = H/N). Using this

definition of the size of the mixing cell and upwind differencing {because migration is assumed to be
controlled by advection) (o estimate the spatial derivative, Eqn. (2.5) becomes:
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where:

() = the iotal release rate from the wasteform;
o = VJ/ORH);

B = 1/(ORHA; and

A = the area of the {acility.

T this description, HA/N is the volume of a single mixing cell.

Equation (2.6) applies to ecach mixing cell. For the first eell, Cu is set to zero. This is equivalent
{0 assuming that no contaminant enters through the top of the facility. Therelore, we have a system
of N coupled Iinear differential equations. This system of equations has been solved to provide an
analytical sclution for arbitrary wasteform sources, (), within each mixing cell. The results are
presented in Appendix A,

A control volume in the FD approach is equivalent to a mixing cell in the MCMC approach.
Often throughout the remainder of this docurnent, the term node is used. This is a generic term for
the region of computational interest, i.e., a pode can refer to either a mixing cell or control volume.
Where possible, the term control volume will be used for cases that apply only to the FD model,
mixing cell will be used only for cases involving the MCMC mode, and node will be used in cases that
apply to both models.

9.8 Flud Flow

Although setiing a disposal facility beneath the water table is permitted, it is expecied that new
faciliies will be located above the water table in the ansaturated zone. In either case, the most likely
pathway for release will be through the water. Infiltration of water into a facility wilk involve many
processes inchuding precipitation, evapotranspiration, and surface run-off. Water fiow in the
unsaturated zone is difficult to predict due to the non-linearity of the unsaturated soii flow properaes.
This is further complicated by the barriers {irench cap, concrete structure, etc) any disposal facihity
will have to minimize infiltration into the waste containing regicn.

A simple model for infiltration is needed. In addition, predicting infiltration into soils n arid
sites under all conditions is difficult [Gee, 1988]. To calculate flow nto a disposal facility would
require at least a mwo-dimensional simulation. Further, the flow rate will vary with time o a short ame
scale (hours) due to precipitation events and evapotranspiration and on a long time scale {years) due
to changes caused by degradation of the infilliration barrier. To follow the evolution of water flow with
{ime would require an extensive computing expense. Thus, this is not appropriate for the source term
model.

In the DUST code, for the FI ransport model, water infiltration is calculated as a function of
tsime through tabular mput.



Vi=F

where V. is the volumetric flow velocity (Darcy velocity) of the water and F(D) is defined in an mput
e, If the MCMC transport model is used, the Darcy velocity must be a constant.

This flow rate should be the yearly average based on the expected conditions. For advection
driven transport it has been shown that the average rate of contaminant transport depends on the
average flow rate [Sullivar, 1988aj.

The choice of the value for the flow rate should be conservaively chosen or supported by more
detailed computer sintations such as VAMSD {Huyakorn, 19891, FEMWATER [Yeh, 1987,
TRACRSD [Travis, 19911, ete. If a computer simulation is not performed, an upper bound {or the
flow rate is the annual precipitation rate. If the evapotranspiration raie is accurately known this could
be subtracted from the precipitation rate at humid sites. At arid sites this may lead to large errors in
predicted recharge [Gee, 1988]. Alternatively, if the recharge rate through the disposal facility is
known due to measurement at the site, this value could be used.

In the acmal situation, infiltration may be very low until significant degradaticn of the cap
oceurs. 1f one accounts for degradation of the cap, this will require additional modeling. At this tme,
there is no widely accepted model for the degradation of earthen materials or engineered {.e.,
concrete) caps. This is due in part 1o the need to predict performance over hundreds of years based
on experience and data that have been collected over a period of years.

However, work is being performed to determine the degradation mechanisms of underground
concrete structures. Models based on these studies are under development IClifion, 1989; Walion,
1690; Shuman, 1991] and should help in estimating the rate of degradation. This information could
then be used to calculate water flow through the degraded barrier and inio the waste containing reglon
of the disposal factlity.

2.3.1 Gas Flow

If it is determined that the gaseous pathway may be significant, the flow of gas through the
facility will need to be modeled. Conceptually, the DUST code would handle the problem m an
identical fashion to that for water flow, Le., a ble of volumelric gas flow rate versus ume could be
ased for the FD model and a constent value for volumetric gas flow rate could be used
by the MCMC model. Models for the production and/or release of gaseous phase radionuchides
would have to be developed.

The transport of gaseous radionuclides within the disposal facility requires special attention.
For gases, flow may be up and out of the disposal facility or out of the bottom through drains.
Upward migration will involve advection due to pressure variations that will vary seasonally and
diurnally, as well as diffusion. As revealed in the review of existing source (€rm models {Sullivan,
1991 al, very little work has been performed modeling gaseous release for performance assessment
calculations.

As with water flow, prediction of the upward migration of gas is a complicated problem. Due
to the length of time to be considered ina performance assessiment, it is imipractical to model daily or
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seasonal varations in gas flow rate. Th > %
average gas advection velocily in order to caleulate gascous release. This flow rate should be estimated

using state-of-the-art computer codes or, as 2 minimum, chosen to permit conservative predictions of
gas release.

9 4 Container Degradation

Waste containers in the early days of LLW disposal ranged from cardboard and wooden boxes
o carhon steel drums and boxes. Since the passage of 10 CFR Part 61, cardboard and wooden boxes
are no longer used. As of 1988, carbon steel drums and boxes were widely used to dispose of Class
A wastes, the largest volume of wastes. Most Class B and C wastes are disposed of in high-integrity
containers (HIC) but z small fraction have been stabilized in cement and placed in 55 gallon drums
[Sullivan, 1989]. Recently, there has been a trend to rely more and more exclusively on HiIC's for
Class B zand C wastes due to their ease of use, lack of need for processing equipment, reduced worker
exposure, problems encountered with solidification of some waste streams, and their approval by NRC
as 2 means of demonstrating structural stability.

A waste generator has a number of different HIC's {rom which to choose. These include
HIC's made from Ferralium 255, from stainless steels, from polymer-impregnated concrete, and high-
density polyethylene (HDPE). A HIC may also have an internal lining to isclate the waste from the
external barrier to water flow. The liner materials are typically polyethylene. HIC's should be
designed to maintzin their soructural stability and maintain 2 positive seal for 300 years as indicated m
the NRC Technical Position on Wasteform [Higginbothars, 1983; Lohaus, 1991]. Stractural stability
does not imply that the HIC's will remain water tight. In time, waler may enter through the passive
gas vents required on HIC's or through small cracks and localized failures that may occur.

Currently, most waste containers are metallic. The use of HDPE alone is suspect due to the
potential of long term creep aflecting its sizbifity and it is no longer on the NRC-approved list of HICS.
HDPE is used as a liner in metallic containers and within a concrete caisson which is backfifled with
soil. The Richland site received five of these concrete caisson/HDPE HIC's in 1988 [Suliivan, 19891



Modeling of metallic corrosion on a mechamistic scale is strongly dependent on the Jocas
chemistry and quite complicated. For the source term model, the work required to perforn such a
calcutation is not justificd. Rather, in the DUST code metallic container degradation modecls will be
semi-empirical and rely on the existing corrosion in soil daia base. If internal corrosion is expecied
to be important, this can also be included the empirical model, however, data in this area is lacking.

Tn the DUST code, two types of failure are modeled: general fzilure, and localized failure.

9.4.1 Genera!l Failure

I the DUST code general failure is modeled through & user-specified time of failure. In this
model, the container prevents water ingress to the waste until failure, at which time the container no
longer provides a barrier to water {low. For metallic containers, the time to failure could be estimated
25 the thickness of the container divided by the time-averaged corrosion rate.

Corrosion rates should be obtained from site specific data whenever possible. When this is not
possible, the data base generated by the National Bureau of Standards, NBS (currently, National
Institute for Standards and Technology) [Romanofl, 1957, Gerhold, 1981 for carbon steels and
stzinless steels could be used for these materials. There is no data base for the corrosion of Ferralium
in soil systems. However, Ferrahum, a duplex stainiess steel, has shown superior corrosion
performance as compared to 304 and 316 stainless steels in a wide range of environments. If this
rend holds for soil systems, use of the NBS data for stainless steels should be conservative.

The NBS studies of carbon steels covered a period of 17 years and 47 different soils
[Romanoff, 1957]. Uniform corrosion rates in this study of carbon steels ranged from &x10" - 2x107
cm/yr, with the mean value being 5.7x10° cm/yr. In the LW Updated Impacts Analysis [ Otzunali,
1986] the recommended vatue for carbon steel corrosion was 4 milsfyr (1x10” cen/yr). For typical 55
gallon carbon steel drum thicknesses, 50 mil, container lifetimes would be expected to range from €
to 160 years with a mean lifetime of 23 years based on the above data.

The NBS studies of 304 and 316 stainkess steels were conducted over 14 years in 15 soils.
General corrosion rates for 304 stainless steel ranged from 1.7x10° - 1.1x10° cm/yr, with the mean
value befng 5x10° cmy/yr [Gerhold, 1981]. Corrosion rates for 316 stainless steel ranged from 5.7x10°
- 9.8x10° cm/yr, with the mean value being 1.8x10" anfyr [Gerhold, 1981} Otzunali recommended
2 value of 6.2 mils/yr (7.6x10" cm/yr) [Otzunali, 1936, Fora /% inch thick stainless steel container,
the lifetime based on the corrosion rate recommended by Otzunali would be 1250 years.

In the soil corrosion experiments, it was noted that corrosion rates typically decreased over
time [Romanoff, 1957, Gerbold, 1981]. Provided that there is no change in the degradation
mechamism, the experimentally measured decreasing corrosion rate indicates a consiant rate based on
short term data. is likely to overpredict the total amount of COITOSION.

For containers with non-metailic components (HDPE containers, polyethylene lining in metal,

concrele caissons, etc.) there are few data on their long term performance. It is recommended that
the general failure rate be selected m a conservative manner based on expert judgement.
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9.4.9 Localized Fature

The FD transport model also permits containers to partially fail prior to general [ailure. The
analytical solution for the MCMC model does not accommodate partial container faikures.

If lacalized failure cceurs, water will contact the wasteform causing the release of radicactivity
before the general corrosion allowance is reached. Thus solute may be released immediately afier local
failure or it may be stored within the container causing a Jarge pulse type release when general failure
occurs. In either event it may have a significant irnpact on predicted releases from the disposal facility.

For metaliic HIC's localized failure can occur due to pitting, stress corrosion cracking, failure
of the passive gas vents, or other mechanisms. In these failure scenarios, only a small portien of the
container will permit water access to the wasteform, The reduced water flow impacts on the amount
released and available for transport. This is accounted for in the leaching model.

T ocakized failure is modeled similarly to the approach used the BLT code [Sullivan, 1989].
The model was criginally developed for pitting of carbon steel drums. The breached area is estimated
from the following equation:

As=Np A7 (K -T7)

where:

. is the number of localized failures per umt area of the container;
15 the total contamer area;

is the thickness of the metal; and

is the penetration depth.

= 2

If the penetration depth, b, is less than the metal thickness, the container has not been penetrated and
the breached area is set to zero.

h=k"

The penetration depth is estimated from the EXDIression:
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¢ is ime in years, and k and n have been dete 1 steel [Mughabghalb, 19881
hased on the NBS corrosion data in soils [Romancefl, 19575 Gerhoid, 1981]. For carbon steel, the
parameter k was found to depend on the sotkwater pH and the parameter i depends on the degree
of soil acration, moisture content, and ciay content. The velue for n is always kess than I and is hagher
for poorly acrated soils (poor drainage) as compared to well aerated soils.

A detailed discussion of the choice of values for Ny, k and n can be found in the BLT data
input guides [Sullivan, 1989], which is reproduced n Appendix C. For carbon steels, N, was found
to range from ©.05 to 0.5 per cn’, the average value for k was 0.0457 cm/yr" and n ranged from €.01
t0 0.93. Typical values for these parameters are discussed in Section 6.8.6.

For stainless steels, even though there are 14 years of corrosion data in 15 different soils
[Romanoil, 1957; Gerhold, 1981], the data are insufficient to support estimation of the necessary
parameters. Thus, for these and other container materials, the parameters will have to be estimated
using engineering judgement if localized corrosion 1s modeled.

Through proper choice of the localized corrosion parameters, failure of the passive gas vents
required on HIC's may also be modeled. For example, by seiting n (o zero and appropriate choice
of the parameters h and N, , a constant area of failure may be estimated. This failure area may be
particularly important if gaseous release is being meodeled.

Consideration should also be given to internal corrosion. HIC's may store wastes without the
waste undergoing a solidification process. In s case, the wastes may directly contact the lining or,
in the absence of a lining, the container material. Many LLW wastes contain corrosive agents that
could possibly lead to penetration via piting (localized failure). For example, it has been shown that
resin beads in contact with stainless steel led to discoloraton and pitting in short term tests [Soo, 19991,

9.5 Wasteform Leaching

Radionuclide release from the wasteform commences upon container failure. Ina LLW
facility there will be several different wasteforms, a partial list of which includes: wastes solidifted by
one of several processes (cement, VES, bitumen); activated metals; compacted lab trashy dewatered
resing; liguids contained in an absorbent; and adsorbed gases [Roles, 1990]. The disposal data must
be analyzed in order to determine the most likely release mechanisms for each radionuclide. After
analyzing the data, each of the major categories of wasteforms should be grouped in terms of release
mechanism. Review of the disposal data shows the following magor waste streams:

a) activated metals;
b) dry active wastes;
¢) resins; and
d) filter media
Approximately 70% of the activity is m activated metals, 159% of the activity 1s solidified m
cement, and most of the rest is dry active wastes [Sullivan, 1991b]. However, the distribution by
radionuclide changes markedly from one radionuchide to the next. For example, over 809% of the Th-
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2321 disp th sorbents, over 50% of the C-14 3s mn cement,

the user must determine the distribution on a radionuclide specific basis.

s

949], Therefore,

Based on the above groups the following release mechamisms will be modeled:

2) Scolubihity imited;

by Surface wash-off subject o partiioning; b
¢} Diffusion; and

d) Uniform {e.g., Dissolution).

In genersl, a wasteform may release radionuclides by more than one mechanisin. This will be allowed
through user-supplied input, In particular, the user will be allowed to specify the fractional amount
of mass released by cach mechanism. For example, the user could specity that for 109% of the mass,
release is controlled by partitioning, while the other 90% is controlled by diffusion. Thus flexibility may
prove to be important when homogenizing the number of waste streams/wasteforms or in modeling
large boxes containing many wasteforms,

9.5.1 Selubility-imited Release

Solubility-limited release will be modeled by allowing an instantaneous release of racionuchdes
into solution ungl the Limit is reached or the entire inventory is released. Further, if a solubility It
is specified and other release mechanisms are used to predict release, the amount refeased will be
constrained such that the solubility imit is not exceeded. In general, the chemistry that occurs within
a disposal facility is complex and changes in time due to the degradation of the waste containers and
westeforms. Obtzining reliabie solubility limits in this environment is a difficult task. Any choice of
sotubility Himits must be justified as conservative under all of the potential conditions. For this reason,
the defaull solubility himit in the DUST code is arbitrarily set to 10 gmy/cm’. This value is high enough
to insure that sclubility limits do not influence release. Representative ranges of solubility limits have
been compiled and are presented in [Looney, 1987].

2.5.2 Surface Rinse with Partitioning

The surface rinse model assumes that the radionuclides in the wasteforms with this release
characteristic are available for release as soon as water contact occurs. Prior to container failure the
radionuclides may be held on the wastes by adsorption, chemisorption, adhesion, and wn-exchange
among other factors. To account for these factors a partition factor, which is an eguilibrium ratio
relating the amount on the wasteform to that in solution, can be used. This partition factor depends
on the properties of the wasteform and the local chemistry. The partition factor is a lumped
parameter that covers many physical processes. Therefore, obtaining reliabie estimates may be
difficult.
2.5.2.1 MCMC Model

Use of the MCMC transport model requires a single retardation coefficient representative of

the entire disposal facility. Therefore, the partition coefficient in the rinse model is identical to the
system distribution coefficient. It is a global parameter that reflects a system average value, accounting
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for the diflerent maternials within the disposal fac

ete.),

ty {soil, wasteforms, conlainers, engine red barriers,

Equilibrium betweer the solution and the solids 1s assumed to oceur instantly after container
breach at Gme . One method for expressing this release rate, Q, in Egn. (2.6} is:

0= M) 8- m)
where: |

M =M e™/R;
M, = rinse mass available at t = Q;

A = radioactive decay consiang

R = retardation coeflicient = 1 + p Ku/6;
Ka = distribution coeflicient;

6 = moisture content; and

p ~ bulk density of the solids.

The model assames that all of the rinse mass is released upon breach. Equation (2.10)
caleulates the amount that enters solution (the rest of the mass is adsorbed on the solids). As mass in
solution is removed due to transport or decay, mass adsorbed to the solids is released to soluflon o
imaintain the local equilibrium. In the present form, Eqn. (2.10) is useful in the mixing cell cascade
model which analytically integrates the release term. However, due to the & function, it is not useful
for the finite difference model.

2.5.9.9 FD Moedel

For the finite difference model, the mass released to solution is calculated by requiring
equilibrium between the solid and solution to be miintained at the beginning of each time step. As
mass is ransported away over the numerical integration time step, equilibrium is no longer maintained.
Therefore, the procedure is repeated at the beginning of each time step. This following expression
for the miass release rate to solution arises:

M| I- <

C.\'ﬂ!
P Sl
4 GVhe

where:

gy = release rate per unit volume;
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AMQ) = mass released at fime € to maintain equilibrium;

Clt) = solution concentration aft time G
v — volume of the finite difference node; and
At = {ime siep size.

After performing the mass balance at the beginning of the time step, M{) can be estimated
from [Sullivan, 1991}

(M,(t)-%{wsm)

AM @)=
I+ END_K_E
g
where:

K, - the wasteform partitioning coefficient. In the FD Model the soil distribution coefficient
may differ from the wasteform partition coefficient. Also, each wasteform may have a
unigque partiion coeflicient.

M{ = the rinse mass available at time t, which is the original rinse mass minus any mass that
has been released or tost to radioactive decay.

Also,
M = C{ 8V =massin solution at time &
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9 5 % Diffusion Release Model {(FD Model Only)

Experimental leaching data from solidified wastes often indicate that diffusion is the rafe
controlling process. In fact, the ANS 16.1 standard Ieach test interprets the data in terms of diffusion
IANS, 1986].

Diffusion-controlled release is characterized by relatively high leach rates at early times which
continually decrease over time. In fact, analytically, the release rate, although it is integrable,
approaches infinity as time approaches zero. For this reason, a release model based on a constant
release rate may prove to be difficult to justify for diffuston controlled release. Choosing a constant
release rate based on short term releases may be overly conservative while choosing the rate based on
some type of average value may underpredict early releases.

The diffusion mode! will consider the two geometries used most widely in LLW disposal:
eylindrical {drums) and rectangular (boxes). To simplify the situation, it will be assumed that the
concentration in the contacting sclution is zerc. That is, solution feedback cffects are ignored. This
assummption leads to the highest precicted release rates and permits an analytical solution to be
obtained.

Tn both models, we analytically solve the diffusion equation corrected for decay.

eC
Zl=Ao DAC - AC
ot
where I = the cffective diffusion coefficient and all other parameters have been previcusly defined.

The initial condition assumes a uniform concentration throughout the wasieforo:

Cle, v,2,0=C,

The boundary conditions assume symmetry about the midplane of the wasteform and zero
concentration at the outer edge.

C(xb,y, Z,E)ZO
Ctx,y, 28=0

Clx, ¥, z4.8=0

where the subscript b denotes a boundary.
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Solution of Eqn. (2.13) subject to the initial and boundary con
at any location within the wasteform., However, the quantity of inferest is &
miass flux integrated over the surface area.

Q(E):EdSOJY

where:
Qfi) s the mass release per unit time; and

T. is the mass fiux at the surface,

For one-dimensional diffusion-controlled release,

o pPs)

Ox

where x denotes a surface of the wasteform.

ons gives the concentre
¢ release rate, which 1s the

Equation (2.13) is solved analyticaily and used to evaluate the flux as prescribed by Egn. 2.17).
This expression is placed in Egn. (2.16) and the release rate is determined. The detailed expressions

for release rate for both geometries can be found in Appendix A.

9.5.4 Uniform Release Model

The uniform: release model assumes that the wasteform release rate decreases in time due only
to radicactive decay and solubility constraints. In the Source Term Model Selection report [Sullivan,
1991al {and in the computer code BLT), this model is named the dissclution model and was meant
to represent releases from activated metals which undergo corrosion. Due to the wide variety ol waste
streams/wasteforms which this model may be used to represent and to avoid confusion with the term
dissolution which has a specific definition, the name has been generalized to uniform release model.
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In the uniform release model, the release rate 18

@:Qwafe-“[f-E——}

sait

where:

i

fractional release rate, and
solution concentration at time L.
initial mass of the contaminant in the wasteform.

Qr
C
M.

i

and all other variables have been previously defined. Equation (2.18) is analytically integrated over
2 time step and the resulting expression provides the total mass release in that time step.

The fractionz] relezse rate is the fraction of the initial mass in the wasteform that is released per
umit time. In the BLT code, the dissolution release model 1s:

| #HusS {;, cs]e.z,
-wa C.s'a.'

where u is the dissclution velocity, S is the surface area, and V. is the volume of the wasteform.
Comparing the two expressions, it can be seen that for dissciution release, the [ractional release rate
IS¢

If dissolution release is the appropriate model, Eqn (2.20) can be used to estimate the
fractional release rate.

2.5.5 Influence of Localized Failure on Release

IT there is localized Failure, the intact portion of the container still provides a barmier to release
from the wasteformy/container systermn. In this case, the release rates discussed above must be modified
to take s mito account.

As water enters through the breached area, it might be stored within the container until 2
bathtub forms and the height of the bathtub reaches the lowest region of failure. At this time, water
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hegin to {low cut of the container. Accuraely predicting the focation of fallures around a
container is beyond the state-of-the-art and will not be aempted here. Insicad, it will e zssumed that,
omce a container is breached, there will be steady flow of water into and out of the container. The
container flow rate will be the Darcy velocity multiplied by the ratio of the breached area to the total

A €d.

WO

The partially-failed container will be treated as a mixing cefl In which radionuclides released
from the wasteform are uniformly mixed within the container. The release rate from the container
will be the product of the container flow rate and the mixing cell concentration as calculated based on
the various release mechanisms. This is identical to the approach used in the BT computer code

iSullivan, 1989].
9.5.6 Selection of Release Models

As part of this program an evaluation of disposal data has been made [Cowgll, 1992a; Sullvan,
1991; Cowgill, 1992]. These reports discuss the distribution of radioactivity by waste class, waste
sirearn, and wasteform and provide a starting point for selection of the appropriate leaching maodel.

A major finding of these studies is that in general, there is limited data on releases from most
lovrlevel waste sireamns or wasieforms. The lack of data covers the major waste streams: dry active
wastes, dewatered resing, and activated metals, There is substantial data on releases of Cs, Sr, and Co
in cement solidified wastes. Unfortunately, only a small fraction of the activity of these radionuchdes
is in cement. For radionuclides that do exhibit substantial quantities in cement, e.g., C-14, Tc-99, U-
938, and Ra-226, there is also limited data.

Due to the lack of data, it is recommended that the surface rinse model be used for all dry
active wastes and dewatered resins. If a partition coefficient is available and can be justified it should
be used. For cement sokidified wastes, leaching data indicate that diffusion controlled release should
be used. The choice of diffusion coefficient should be supperted by data. If data does not exist, 2
conservative estimate Tor the diffusion coeflicient is(10° cm’/s. This is eguivalent to a Leach Index of
6, the minimum allowed by the wasteform ﬂ;echmﬁca?ﬁ&iﬁon [Lohaus, 19911, For activated metals,
a fractional release rate based on typical dissolution rates of the metals may be possible to justify.

For convenience, Table 2.1 presents a summary of the models selected for cach of the four
processes that influence release from the disposal facility.
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al and Boundary Conditions

Ir: both the MCMC and FD transport models, the user must supply the mitial conceniration
at every computational point.

Tn the MCMC rodel, boundary conditions are not necessary. The analytical solution assumes
that the incoming concentration at the top boundary is zero. The bottom boundary condition 15 not
needed due o the unidirectional flow and the absence of dispersion. That is, the concentration in the
last node is independent of processes at the boundary.

In the FD model, both the top and bottom boundary conditions must be defined. One of four
conditions are permitted to be specified at ecach boundary. These conditions are specified:
concentration; total flux; advective flux: or dispersive flux. The description of the numerical
implernentation into the FID equations is presented in Appendix A.

In DUST, boundary conditions are defined through tabular input of the value for the boundary
condition at a given time. Inierpolation is used to determine the boundary condition value at times
not in the table.

The boundary condition of zero concentration Jeads (o the highest releases from the system.
This condition implies that processes at the boundary are high enough to remove all material as soon
as 1t exits the system. -

The boundary condition of zero tolal flux prevents mass from leaving the system and causes
concentration Jevels to be at a maximum. This condition is useful at 2 plane of symmetry or at the top
boundary if zero release is desired. The total flux is the sum of the advective flux and the dispersive
flux.

The advective flux is the Darcy velocity multiplied by the concentration. The Darcy velocity
is known through input, therefore, specifying the advective flux 1s mathematically equivalent to
specifying the concentration. The use of this condition is provided as a convenience to the user.

The dispersive flux is the diffision/dispersion term multiplied by the concentration gradient.

Setting this boundary condition to zero is useful when advection out of the system is the only
mechanism {or release, for example flow mto a lysimeter drain.
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3, PROCEDURE FOR CALCULATING RELEASES USING DUST

The preceding chapter describes the medels selected for estimating the source term but does
not provide a clear indication of the steps needed to take the raw data, transform the data mto the
form required by the models, input the data and estimate the source term. Figure 3.1 is a schematic
diagram that outlines this procedure.

The first step in this process is to compile the inventory data for the radionuclides of interest.
Three factors that are determined before the waste is emplaced in a disposal facility figure
prominently in determining release. These are the radionuclide's waste stream, wasteform, and
container. A radionuclide contained in an activaied metal will be released at a much different rate
than the same radionuclide that exists as a surface contaminant on lab trash. Similar remarks apply
for releases from different wasteforms. The container will control the time that release begins and
for localized failure, the amount of water that accesses the waste.

Work to determine the feasibility of characterizing the radionuclide inventory based on the
three parameters listed above has been done. This effort, based on commercial disposal data from
1987 tarough 1989 [Roles, 19901, will determine the activity fraction of the waste streams contained
in various wasteform and container types (e.g. HIC's, cerbon steel, ete.). Discussion of the most
imperiant waste stream/wasteformy/container systers in terms of activity are provided in [Sullivan,
1991b; Cowgill, 1992; Cowgill, 1992a].

Due to the large number of possible waste stream/wasteform/container combinations it will
not be possible, nor even desirable, to model each of these systems individually. Therefore, many
of the combinations that do occur should be lumped together to form a "representative”
wasteform/container systems. This grouping should be performed to handle the most important
wasteforms in terms of release. After the "representative” systems have been identified, appropriate
container degradation and wasteform release models and parameters need to be determined.

Using the flexibility of the source term model, it will be possible to specify different release
models and parameters for each waste stream/wasteform combination. For example, ion exchange
resins solidified in cement may be assumed to follow diffusion-controlled release with one diffusion
cocfficient while evaporator bottoms solidified in cement may be given another, and activated metals
may be zssumed to follow dissolution controlled release with a constant release rate. Similarly, for
two identical waste stream/wasteforms in two separate containers, the predicted release can be
different due to different container properties.

The inventory, container degradation and wasteform release parameters are input into the
source term medel as schematically depicted in Fig 3.1. These parameters along with the
radionuclide specific parameters (e.g. half-life, solubility limit, etc.), transport parameters, water
flow parameters (velocity and moisture content), initial conditions, and boundary conditions (finite
difference model only) fully describe the problem.



Figure 3.1 Flowchart of the procedure used to take waste stream/wasteform/container inventory
data znd define the necessary input parameters to estimate the release rate from a

disposal facility.
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Tn general, the choice of Input parameters used by the DUST code must be justified.
Justification can come from experimental data, that is, use measured diffusion coefficients to predict
wasteform release, from the use of more sophisticated computer codes, o well-documented expert
judgement. For example, the MOCMC model in the DUST code assumes a constant flow rate through
the disposal unit. In selecting the flow rate, a two-dimensional computer code that predicts
unsaturaied fiow sach as VAM2D could be used as a basis for determining this parameter. In any
case documentation of the basis for the use of an input variable should be supplied with the results
of any simulation. The potential for misusing the simple models through improper choice of input
data is large.

Once the data has been selected, an input deck for the DUST code must be created. To
facilitate this process, the program DUSTIN was written. DUSTIN is a menu-driven code that
prompts the user for the input required by DUST. DUSTIN allows the user to create an entire input
deck or, modify an existing input deck. Modifications can be individually made to every single input
parameter. Use of DUSTIN is described in Chapter 6.

After creating an input deck, the calculation is ready to proceed. For the MCMC mode!
which relies on an analytical solution, the predicted release is calculated at the times specified
through input. For the finite difference model, the predicted release is obtained through solving the
differential equation describing release and transport through the disposal facility at a fixed time,
incrementing the time and repeating the procedure until the problem is finished.

The output of these models will be the release rate from the disposal unit as a function of
time. This output wiil be stored in tabular form for use with performance assessment codes, such
as PAGAN [Chu, 1951}, that predict the transport of radionuclides through the unsaturated zone (o
the aguifer and ultimately to a receptor.

If regquested by the code user, DUST creates output files named TRACECND.DAT and
TRACEFXD.DAT. These files contain the concentration at specified locations and the flux and
mass release at specified locations as a function of time. If the FD transport model is used, the file
CONCNT.DAT is written. This file contains the concentration at every location at the times
requested in the primary output file. The program GRAFXT.EXE can plot each of these three files
on a video display unit. The use of GRAFXT is described in Chapter 9. The procedure to e
foliowed in creating an input deck, running the DUST code and analyzing the output is presented
in Figure 3.2.

3-3



Figure 3.2 Schematic outline of the procedure used to anatyze release from a LLW disposal facility

using the DUST code package.
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4. APPLICABILITY AND LIMITATIONS OF THE DUST CODE

The DUST code models release and transport of a single radioactive contarinart through &
Tow-level waste disposal facility in one spatial dimension. The source for transport is the contained
radicactive wastes emplaced in the facility. Releases area function of the container performance
(time to failure) and wasteform performance (release rate). Each container may be assigned a
unigue time to failure and wasteform release rate parameters. This permits the flexibility to model
a wide range of problems related to a waste disposal facility. These include determining the effects
of the following parameters on reicase from the facility:

2) infilration (flow rate);

bb) contziner performance;

¢) wasteform release rates; and

d) soil transport properties (retardation).

The DUST code can be applied to 2 wide range of problems pertaining to low-level waste
disposal ranging from lysimeter studies in which there is only & single soil and no waste container
to below ground vaults with caps, muliiple containers and wasteforms, engineered structures and
backfill. However, due to the simplifications used in developing the models, the validity of the
predicted results depends quite heavily on the input data, as discussed in Chapter 3. Many
parameters in DUST (for example, water flow rate and container failure time) are determined within

the code directly from user supplied Input and not from first principles. Therefore, justification of
the choice of input parameters is a critical aspect in developing confidence in DUST predictions.

4.1 Limitations

In developing the DUST code, due to lack of mechanistic data and in order to limit the
problem size to make the code execuiable on small desktop systerns within a reasonable time, a
number of assumptions were invoked. These assumptions may make use of the code inappropriate
under certain conditions. In developing the MCMC model, a number of additional assumpiions are
used as compared to the FD model. The implication of these assumptions are discussed separately
below. A list of the Himitations follows.

(1)The DUST code simulates only one spatial dimension. Tt therefore assumes a uniform
geometry in the other two dimensions. This approximeation will be best near the center
plane of the facility where edge effects are minimized. The lack of spatial resolution may
cause problems near special foatures such as drains or fractures in engineering siructures.

Miodeling the entire facility such that the bottom boundary has the properties of a drain
will overestimate release, while modeling the facility as being completely intact may
underestimate releases.



(2)The DUST code models fiow through a porous medivm. Fracture flow, which may become
significant at high relative moisture contents, through engineered barriers is 1m0l
considered.

(3yWater flow and container failure time are not calculated from first principles in DUST.
They are determined through input. The user must justify the values used for these
parameters.

(4)DUST models only 2 single species. This influences three mejor areas: ingrowth due to
radicactive decay, production or removal of species due to biodegradation, and
interpreting solubility limits.

Tngrowth due to radicactive decay is not modeled. Ad hoc suggestions for modeling
ingrowth were provided in the model selection report [Sullivan, 1991a]. For short lived
radionuclides jn secular equilibrium with the parent, it was recommended that a
production term be added to the inventory. In the DUST code, this production term could
be included in every container through use of an external source.

Biodegradation can produce radioactive gases, e.g. tritiated methane, COy, or HOH,.

As @ single species code, release in the gaseous and 2queous phase can not be handied
simultaneously. An ad hoc procedure which partitions the inventory into the gaseous and
agueous phases may be used provided the code is run twice, once with the appropriate
inventories and flow parameters for gaseous release and once for agueous release. Work
on estimating the partitioning between the gaseous and aqueous phases has been recently
initiated.

In modeling only a single nuclide, care must he taken to insure that solubility limits are
1ot exceeded if other species containing that clement exist. The solubility limit used in
the DUST code applies to the modeled nuclide only. If the element exists in more than
one nuclide, the solubility Himit must be decreased to account for this problem. For
example, if the DUST code were used to modet U-238 and solubility limits are used, this
solubility limit should reflect the presence of other uranium species.

(5)DUST does not model changes in chemistry. The chemistry of the disposal facility is
modeled through the distribution coefficient. Changes in this parameter due to changes
in pH, Eh and competition with other ions for sorption sites are not considered.

(6)In the FD model, the diffasion release subroutine is independent of the conceniration in
sotution and solubility limits. This is a result of using the analytical solution based on

a boundary condition of zero concentration at the wasteform-solute interface.

(7)In the MCMC model, the Darcy velocity must remain constant at all times. In the FD
medel, the Darcy velocity is calculated from a table of velocity versus time.
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(8)In the MCMC model localized container failure is not maodeled.

(9)In the MCMC maodel the distribution coefficient and moisture comtent must be constant

(10)

(1D

throughout the facility ond in time. The FD model permiis these paramefers 1o vary
spatially.

Ty the MCMC model release mechanisms are limited to the upiform release and rinse
release without a wasteform partitioning factor. The FD model allows a partitioning
factor and models diffusion conirolled release.

As shown in the development of the equations, both the WMCMC and FD models use
upwind differencing 10 model the advection term. Upwind differencing insures that
information is only advected downstreairl, however, it leads to numenical dispersion. The
value of the numerical dispersion coefficient, Dy, in the FD model is [Roache, 1976]:

=Y a.c)

where Vg is the Darcy velocity, Ax is the size of the finite difference node, C is the
dimensionless Courant number, Vht/Ax, and At is the time step size. In the limit as the
time step size approaches 0, the solution to the FD equation approaches the solution of the
original differential equation modified due to numerical dispersion. In this case, the Courant
number goes to zero and the numerical dispersion coefficient becomes:

:deﬁxx
Z

i

Heuristically, this can be viewed as the numerical dispersion coefficient for the MCMC
model which uses an analytical solution. Numerical studies comparing the FID mode] with
sero mechanical dispersion and diffusion with the MCMC model support this heuristic
estimate of numerical dispersion for the MCMC model.



Recalling thet the mechanical dispersion term from Egn (2. 1) s
& RSN

D=Vaia.

it is seen that the numerical dispersivity is Axf2. Therefore, if the mesh size is more than
twice as large is the mechanical dispersivity value, numerical dispersion will dominate.
Trom the numerical dispersion expression it is clear that it can be minimized through taking
gmall nodes. As a rule of thumb, the mechanical dispersion is typically 1/10 to 1/100 of the
scale of the modeled domain. Therefore, Ax should be mauch smaller than 1/5 to 1/50 of the
modeled domain to insure that numerical dispersion is unimporiart.

(12) Although conceptually, modeling gas flow through the facility is similar to modeling
water flow, there is extremely little data on production of radioactive gases or expected
flow rates. Therefore, the user must be extremely careful when selecting these vaiues.

Radionuclides disposed of in gaseous form are expected to release quickly afler container
failure. For adsorbing gases it is expected that celease would be controlled by a partitioning
factor. Gases can also be formed by biodegradation, for example, tritiated methane, Heo,,
or in the case of radon, through radicactive decay of radium. Few data exists on the
sormation of radicactive gases in a disposal facility. However, tritiated methane, #C0,,
00, and other radicactive gases have been detected at the closed disposal sites at Sheffieid
[Streigel, 1985] and West Valley [Kunz, 1982; Matuszek, 1983]. While it s likely that the
better disposal techniques (concrete vaults, no wooden or cardboard containers,
solidification of the wastes in cement, etc.) planned for the new facilities may lead to less
organic material, many of the wastes contain significant amounts of organics. This is
particularly true for ¢ wastes [Gruhlke, 1986] Therefore, releases caused by
biodegradation cannot be dismissed at this time.

As 2 final caveat, uncertainties in the input data are often the most significant limitation in
many models and codes. Frequently, many input parameters are not accurately known or available.
Users of the DUST code should be constantly aware of the limitation imposed by the quality of the
imput data.



5. VERIFICATION TESTS

A pumber of studies have been conducted to verify that the computer code, DUST, correctly
calculates the properiies of interest (time of container breach, wasteform release raies, solution
concentration, and mass flux). Indepencent testing of the container degradation models (general and
local failure) and the wasteform release models (diffusion, uniform, surface rinse with partitioning,
and solubility limited) was performed for problems with known analytical solutions.

The FD and MCMC transport models received extensive testing through comparison of
predicted results to analytical sotutions and through comparison of the MCMC results and FD results
on identical problems.

For verification testing, Eqn (2.3} has been solved for a semi-infinite medium and the
following initial and boundary conditions:

C0)=C

The boundary condition at x = 0 is:

' C 0<t<y,
(aﬁpngwwﬁ):{Vd :

X ] ¢>§o

where C, and C; are constant. The analytical solution to {his problem is presented in [Van
Genuchten, 1978].

The analytical solution requires 2 non-zero value for the diffusion/dispersion term. Therefore,
the FD mode] was tested against the analytical solution for three problems. In these problems,
advection, dispersion, retardation, and decay are modeled. Three test cases were run. Jn these cases,
the parameters chosen for the model were selected to correspond to the values used by Van
Genuchten and can be found in Table 5.1,



Teble 5.1 Parameters used to veridy the finite difference transport model

Cage | Case 2 Case 3
Darcy Velocity (cm/s) 2.89E-4 2.89E-4 2.89E4
Dispersion/Diffusion (cm*/s) 434E-4 43454 4.34F-4
Decay constant (1/s) 2.51E-6 0.0 2.51E-6
Source (@wi@s/(@m3ws)) 0.0 0.0 1.161E-5
Meotisture content 0.3 0.3 0.3
Retardation coefficient 3.3 33 33

The semi-infinite domain was modeled using 300 cm. and comparing the semi-infinite
anzlytical solution to the numetical solution over the first 100 cm. for the first 10 days. Numerical
studies were performed with the DUST code to show that, for this time frame and distance, the
boundary conditions at the 300 em. boundary do not influence the results.

Tn the first problem, case 1, solule was injected into the boundary at X = 0 for 5 days such
shat the incoming concentration was 1 Cifem®. After the fifth day, the flux at x = 0 is zero. Atthe
boundary away from the injection source, the boundary concentration is set {0 zer0. The initial
condition is zero concentration throughout the modeled domain. Advection, dispersion, retardation
and radicactive decay were modeled.

Figure 5.1 presents a comparison of the analytical and numerical solution predicted by the
OUST code 3t 5 and 10 days. The agreement hetween the two is excellent. The FELAX IV
difFerence between the two solutions is less than 2%.

Test case 2 was identical to case 1 with the exception that the decay term was sel to Zero.

This is a slightly more difficuit numerical problem because the concentration gradients are larger

than in case 1. Again, the agreement between the analytical and numerical solutions at 5 and 10 days
is excellent, Figure 5.2

Test case 3 has the same transport properties as test case 1, Table 5.1, however, the probler
begins with 2 uniform initial concentration of 10 Ci/cm’, & uniform source of 1.16E-5 Cilem’/s, and
zero total flux at the x=0 boundary. This problem tests the proper use of the external source (i€,
wasteform release) term and use of non-zero initial conditions.

Figure 5.3 contains a plot of concentration versus distance at Z, 5, and 10 days. The results

:ndicate that the DUST code is capable of reproducing the amalytical solution with 2 high degree of
ACCUracy.
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comparison of the DUST fnite difference model predictions with the

Figuze 5.1 Test case 1,
urce at x=0 for 5 days. Retardation and decay are

analytical solution for 2 pulse so
modeled. See Table 5.1 for the model parameters.
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Figure 5.2 Test case 2, comparison of the DUST finite difference model predictions with the
analytical solution for a pulse source at x=0 for 5 days. The decay term is zero in this
simulagion. See Teble 5.1 for the model parameters.
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‘son of the DUST finite difference model predictions with the
:al concentration, zerc total flux at the boundary
See Table 5.1 for the model parameters.

Figure 5.3 Test case 3, compar
analytical solution for a uniform init
x=0, and an external uniform source.
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In the preceding problems, diffusion/dispersion plays an imporiant role in the transport of
the radionuciide and therefore, the analytical mixing-cell cascade model cannot be used. The
mixing-cell cascade model was compared directly with hand calculations of the analytical solution
[ Appendix A] for several simple problems (few cells, all containers fail simultanecusly, constant
release rates). In addition, 2 number of test cases were run in which the diffusion/dispersion term
was set 1o zero in the FD model. This allowed comparison of the predictions of the FD and MCMC
models directly.

Test case 4 is an example of one of these problems. In test case 4, the domain for the finite
difference model is 50 meters. For this simulation, the domain was subdivided into 50 regions, each
1 meter in length. The first 10 meters contain only soil. In the next 24 meters there is 2 wasteform
every other meter for s total of tweive wasteforms. The container failure times range from 0 to 40
years as presented in Table 5.2, Release from the wasteforms is modeled using the uniform release
model. The parameters for this model were chosen such that once water contacts the wasteform the
fractional release rate is 5% per year, all other parameters are presented in Table 5.2. The problem
considers radicactive decay, retardation, and advection.

Tabie 5.2 Parameiers used in test case 4. Comparison of the mixing cell and
finite difference model results

Container failure times:
Location (m) & 3 5 7 9 11 13 15 17 19 21 23
Time {yrs) 0 10 20 30 40 O© 10 16 20 20 0 30

Release and Transport Parameters:

Darcy Velocity (cm/s): 1.59E-6
Moisture Content: 0.2
Retardation coefficient 9.0
Release rate (1/yr) 0.05
Half-Life (yrs) 12.33

The mixing cell simulation was identical to the finite difference model with the exception
that only 40 meters was modeled. For advection driven flow, the 10 meters upstream from the
wasteform do not receive any contaminant. Thus, the two (st cases aIe identical except that the
distance from the top of the simulation domain is offset by 10 meters. The difference is necessary
to insure that the boundary condition of the finite difference solution does not influence the results.
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Figure 5.4 presents a comparison of the results of the two simulation techn
different locations for a 90 year period. Location | is 7 metexs from the top of the first wastelorm,
ihis cell has a container that fails after 30 years. Yocation 2 is 12 meters from the top of the first
wasteform. It does not contain a wasteform. However, the adjacent upstream cell has a waste
container that fails instantly, Location 3 is 23 meters from the top of the first wasteform. It has a
container that fails after 30 years. Two meters upsirean from this wasteform is a waste container

that fails instantly.

e rmd e
JUCE AU ree

In a1 locations and at all times, the mixing-cell model and the finite difference model show
excellent agreement. At location I, x =7 m in Fig. 5.4, there is a gradual buildup of the
concentration in time due to container failures upstream. At 30 years, there is a slight jump in
concentration due to the failure of the container in the cell. At location 2, x = 12 m in Fig. 5.4, there
is a rapid rise in concentration at early times due o the failure of the container 1 meter upstream.
The concentration pealks after about 10 years and begins to decline for approximately 30 years. At
this time, other containers upstream have fxiled and begun to release comtaminants. The
concentration shows a local maximum after about 50 years as the containers 3 and 5 meters upstream
failed after 40 and 30 years, respectively. At location 3, x = 23 m in Fig. 5.4, there is a peak after
12 years due to failure of the container 2 m upstream at emplacement. The concentration decreascs
until 30 years where a sharp increase ccours due 1o the failure of the container in this cell.

57



Figure 5.4 Test case 4, comparison of the DUST finite difference and mixing cell cascade model at
three locations. There are 12 wasteforms, each one meter in length separated by one
meter of soil beginning at x=0. The container failure time differs for the wasteforms
as described in Table 5.2. Release and transport parameters can also be found in
Table 5.2
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5. DUSTIN: A PREPROCESSOR THAT CREATES AN NPUT DECK FOR DUST

In order to facilitate ease of use of the DUST computer cods, & pre-processor which takes the
user through all of the steps necessary to create an input deck has been written. This pre-processor,
DUSTIN, relieves the code user of knowing the exact format and structure of an input deck and is
memu driven. The menus present a series of choices and generally request a numetic response. In
the few cases when an alpha-numeric response is required, .., defining titles, this is clearly noted.

DUSTIN has the flexibility to independently alter any single parameter required by the DUST
code. DUSTIN has the capability of creating an entirely new input deck or reading a partially or
fully completed input deck which can then be modified. A major advantage in using the DUSTIN
code is that it provides an annotated input file for DUST. This greatly facilitates direct modification

of the input deck, Chapter 7.

The first menu asks the user if a completely new input deck is o be created or if an existing
input deck is to be modified. Afler this decision has been made, the code proceeds to the main
menu. The main menu permits the user to modify any variable required for input to the DUST code
independently through access o sub-merius. Afier the input variables have been defined, DUSTIN
silows the user to create a trial input deck or create a "partial” input deck. The flexibility allowed
in being able to independently modify any single variable within the code makes it nearly impossible
1o guarantee that a consistent input deck is created by the DUSTIN user. Although, there are many
checks within the code o prevent obvious problems, it is possible 10 create an invalid input deck.

For exampie, the user could define the number of containers to be 20 and not specify any failure
parameters for the containers. If this oceurs, DUSTIN will try to make an input deck if requested,
but obviocusly the input deck wili not be velid. For {his reason, DUSTIN permits the user to create
an output file that is identical to the cutput file that would be obtained if the DUST code were used.

This is 2 useful aid in debugging the trial input deck.

Tn addition, DUSTIN permits the user to create a "partial” input deck which can be read in
later by the DUSTIN code and modified as necessary. Use of this feature is strongly recommended.
A "partial” input deck is any set of input data created by DUSTIN using the namelist procedure
described later in this section. The advantage to this approach is that the check to determine if the
data forms a valid input file is not made when reading the data. In contrast, if the user attempts o
read in 2 completed input deck that is not valid, an error message is printed and control is returned
1o the operating system. That is, data on an invalid completed input deck cannot be modified by
DUSTIN.

The remainder of this chapter takes the reader through the various menus that appear when
running the DUSTIN computer code. All sections that have a double border and are highlighted in
boldface print are the screens that appear on the console. Italic characters are examples of the code
users response to the guery. For convenience in referencing and to enhance the ease of lecating
discussions of the parameters, the numbering system for this chapter will correlate to the numbers
i1 the main and secondary menus. For example, Section 6.4.3 will refer to the fourth item on the
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the main menu will appear in this section.

In generai, far fewer variables are needed to use the Multi-cell Mixing Cascade (MCMC)
iransport model as compared to the Finite Difference (FD) transport model. These differences are
explicitly and prominently mentioned in the DUSTIN code. For example, if the user attempts o
define a variable that is not required by the MCMC model, the DUSTIN code will print a message
indicating such. If a variable is required by oniy one model, the designator FD or MCMC will be
displayed at the top of the section describing the variable.

This chapter will serve as the most detailed reference on the input variables required for
DUST. In addition to describing the operation of the DUSTIN code, selection of the appropriate

values for the physical parameters, instructions on the operations of the models, and
recornmendations on when to use certain models will be primarily provided in this chapter.

INPUT SELECTIONS:

When running the DUSTIN code, the first menu 1s:

Iriput selections

1) Input data fox new input deck
2y Read stored data from BLOKxxx file
3) Modify/Inspest existing input deck

Choice = 1:

The code user will create an entirely new input deck. Default values are specified for some
parameters but generally these need o be redefined. After choosing this value, the mair menu is
displayed.

Choice = 2

Upon entering a value of 2, the following screen is displayed:

Enter 3-digit WUMERIC code of existing BLOKxxx file:
Enter choice: [ (user mput)




Faie BLOKGOL is being accessad;

1 = Go to MAIN MENJ
2 = Cresate input deck and see OUTFUY f£ile
Enter choice:

DUSTIN will rezd a file previously prepared by DUSTIN called BLOKxxux, where xxx is a
three digit number. In the example, the 1 digit number is translated by the code to 001 and the file
BLOKOO] is read. BLOKxxx is a file created by using FORTRAN namelists. As such, it is an exact
copy of all the input varizbles needed by the DUST code at the iime that the file was written. There
are 1o checks on whether this set of variables forms a valid input deck. Therefore, the BLOKxxx
e is useful when the code user is uncertain if a valid input deck has been created or if a partial
input deck bas been created.

The code checks to defermine if the BLOKxxx file exists. If it does not exist, the user is
returned to the Input Selections Menu. Afer successfully reading the file, the code user is allowed
{0 attempt to make an input deck or proceed to the main menu.

Choice = 3:
The code requests the name of the input file, 2 name for the output file to be created, and if

the output file exists, the code asks if the file should be overwritten. The completed screen for this
procedure is displayed:

Enter the path\name.axtension for the DUST input f£ile
aereated by this program: case8-Fa.p

Enter the path\name.extension fox the file that this
code areates as a check on the input: case8-Ja.out

Brror code = 70

The file yvou have spacified slready exists -

Do you wish to overwrite this file (0 = Mo, 1 = Yes)
Enter choice: [

The DUSTIN code then proceeds to the Main Menu. Ifthe file case8-9a.inp did not exist or
i the file does not contain a valid input deck, the code fails and control is returned to the operating
systent.



MAIN MENU:

The main menu consists of a list of general categories that comprise the groups of input
parameters needed by the DUST code. The main menu provides access {0 the sub-menus defined
by the grouping scheme. Definition of the input variables occurs in the sub-menus. This section
will provide a description of the main menu and the variables contained under the grouping scherne.
Detailed discussions on the variables and how they impinge on model predictions will be presented
when discussing the sub-menus. The main menu for DUSTIN follows:

MAIN MENU

1} General problem definition

2} Time paraneters

2) Material assignments/properties

4y  OUTPUT specifications

5) Facility dimensions and ccordinates
) Initizl and boundary conditions

7] Water f£low and meisture content

8) Container paraneters

8} Wasteform paramsters

10) BSource/Sink parameters

11} Create input deck for the DUST cods
i2) Store partial input in BLOKxxx file
13) Exit program without saving data

Enter choice:

Choice = 1: General problem definition

The general problem definition includes variables which define the following: title, name of
the radionuclide, half-life, atomic mass, solubility limit, 2 flag to specify if the input is in mass Units
of grams or curies (if the input is in curies, the code intemally transtates this to grams for consistency
with the units on the distribution coefficient and solubility limits, upon output, the mass is translated
back into the original input units), number of control volumes or mixing cells in the computation,
and the flag for selecting the multi-cell mixing cascade or the finite difference transport model.

Choice = 2: Time parameters
Time parameters include the number of output times and their values for the MCMC transport
rodel and the mamber of time steps, the number of time step changes, the initial time step, fractional

change in time step, maximum time step, and maximum problem time for the FI transport model.
Choice = 3: Material assignments/properties
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Material properties for the MCMC model include the bulk density and soil distribution

coefficient. The MCMC aliows only one material type. The FD allows multiple material types and
requires the number of materials, the material type for each control volume, the bulk density and the
soil distribution, dispersion, and diffusion coefficients.

Choice = 4: QUTPUT specifications

Output specifications include printer control variables which determine if output occurs at
each time step, the number and location of concentration and flux traces, and the number of time
steps between writing values to the trace files.

Choice = 5: Facility dimensions and coordinates

Facility dimensions and nodal coordinates include the surface area and height of the facility
for the MCMC transport model. The MCMC model assumes uniform spacing and, therefore, the
ihickness of each cell is the height of the facility divided by the number of ¢ells. The FD transport
model allows variable thickness cells and, therefore, the thickness of each cell must be specified
along with the facility surface area. The height of the facility is calculated from the input when the
FD transport model is specified. The surface area of the facility is a2 normalizing factor to account
for the volume of the 3-D facility in a 1-D model. It is an important parameter in determining
concentrations of radionuclides in solution. For example, if the mass inventory is released instantly
and uniformly across the facility, the concentration is determined from the inventery, beight, surface
area, and moisture content. Since dose Is proportional to concentration, the normalization by surface
area is required.

Choice = 6: Initial and boundary conditions

Initial and boundary conditions are required for the XD model. The boundary conditions for
the MCMC model are fixed (zero incoming concentration) by the analytical solution of the model
and are not required. The FD model aliows specified concentration, total flux, advective flux, or
dispersive flux as a boundary condition.

Choice = 7; Water flow and moisture content

The Darcy velocity and moisture content are required by both fransport models. The MCMC
model permits only a time-invariant uniform Darcy velocity and moisture content in the modeled
domain. The FD model permits a spatially uniform, time-varying Darcy velocity, and a spatially
varying, time invariant moisture content. A time varying Darcy velocity could be used to model
degradation in the ability of the cap to prevent water ingress.

Choice = 8: Container parameters



Container parameters in the MCMOC model include the rumber of containers, their location
i the modeled domain and their failure time. In addition, the FID model allows localized (pitting)
failure and, therefore, requires information on the localized failure rate parameters as well as
assignment of these parameters o each container.

Choice = 9: Wasteform parameters

Wasteform reiease parameters include the inventory, the mumber of different sets of release
rate parameters, a flag to indicate which release rate parameters are to be used on each waste form,
and the release rate parameters. The MCMC model permits only rinse release subject to partitioning
and an exponentizlly decaying release rate where the exponent accounts for radioactive decay. In
addition, the FD model permits diffusion controlled release from either cylindrical or rectangular
finite sized waste forms. Therefore, input is required to define the diffusion coefficients and the
dimensions of the waste form.

Choice = 10: Source/Sink parameters (FD Model Only)

In addition to the waste forms releasing contaminants into the system, external sources or
sinks can be specified by the code user if the FD transport model is specified. These sources are
defined through tabular input which provides the source strength as a function of time, as well as
input specifying the number of sources, the number of different types of sources (e.g., number of
source sirength versus time tables), the location of the sources, and the assignment of & source type
to a location.

Choice = 11: Create input deck for the DUST code

This selection creates the input deck 1o be used by the computer code DUST. I first asks for
the file name for the input file. If it exists, it asks the user if it should overwrite this file. It then asks
i€ an attempt to create an output file should be made. If so, it requests the name of the output file.
Afier completing this task, control is returned to the Main Menu. This can be useful when creating
muliiple decks in which only a few parameters change.

Choice = 12: Store partial input in BLOKxxx file

This opticn writes the file BLOKxxx where the values for xxx are determined through input.
After completing this task, control is returned to the Main Menu.

Choice = 13: Exit program without saving data

Selection of this value exits the program. Control is returned to the operating system.
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1y Problem title { < &0 charac

I
2) #Radicnuclide: b 8:0.05.0.5.4
Balf-life (yrs) of 3OO, . . . . o« 0 - o 0.00000E+00
htomic mass of XKUY, . . . . o . e s e e 0.00000E+C0
Selubility limit of XOOUBXX . . . . . » o - - 0.00000E+00
2) Mass flag {10 = grams, 1 = curies)., . - - o - - G
4} No. of Wodal Points / Mixing Celis. . . - - « = o]
5) Transport flag (0 = Mixz.Bath, 1 = Finite Diff) . ¢

§) Exit to MAIN MEWU

Enter choice:

On every sub-menu the most recent values for the various parameters are printed when the
menu is accessed. The X3 values for alpha-numeric characiers indicate input has not been
specified. In this example, the user is creating 2 new deck and nothing has been specified. If the
sser had read in 2n existing input file, the values would be those found in that file.

6.1.1 Problem Title

An alpha-numeric siring up to 60 characters in length that describes the problem. Use of the
character /" causes problems when creating BLOKxxx files because the namelist procedure takss
ihis as & variable delimiter. Therefore, use of "/" is mot recommended.

6.1.2 Radionuclide

DUSTIN has an auxiliary file called RNUCL.DAT that contains over 200 radionuclides, their
half-life in years, atomic mass, and a default solubility limit of 10 gm/cm3. The atomic mass is used
when converting mass between curies and grams. The solubility lirit is used in controlling release.

Tt is well known that solubility values are highly dependent on the environment. The defaull value
has been selected to be large enough that solubility limits will not influence release. If better vaiues
for this number are defensible, they can be input to the code. When choice 2 is selected, the
following menu is displayed:

Enter choice: 2
Znter radionuclide name using gapital letters
a.g., Cesium-137 is input as c8-137: SR
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carrent values foxr the radionuolide SE~20

1) Haif-life (vxs) 26, 0000000000000
2y Atomic Mass Q0. 6000000000000
3] Solubility limit {gm/cm* %3] 16.00000000000G0

If you wish to change one of these paraneters
enter the appropriate nusber (1, 2, or 32)

or enter 0 for no further changss

tnter choioe: 0

Capital letters are required for the radionuclide name because the compuier code takes the
input name and performs a string comparisor: with the radionuclides on the file RNUCL.DAT. 1If
the radionuclide name does not match any of those on file, the code allows the user to either try
another name, or enter the values for half-life, atemic mass and solubility limit.

6.1.3 Units Flag for Mass loput
Mass can be input in units of curies or grams. If the input is in curies, the code uses the half-

iife and atomnic mass to convert to umits of grams. This is done for consistency with Xd values,
wasteform partition cosfficients, and solubility lmits. For user convenience all output is converted

o

back to the original input units. That is, if the input is in curies, the output is in curies.
6.1.4 Number of Computational Cells

The number of nodal points (FD method) or mixing cells (MCMC method) are input.
Currenily, the maxinum value is dimensioned at 500.

6.1.5 Transport Flag

Flag that selects the method of solution for the transport equation. Enter 2 vaiue of 1 for the
finite difference method. The MCMC method is the default.
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6.2 Time Parameiers

Time paraneters
1) Wo. of time intervale (FD Model Only). e e e e o s
2) Humber of cutput (Mix Cell Model) or DELT changes. . . . 3]
3) Time(s) of output/DELT changes

The following are raguired only by the Pip DBif Mod.

4) Imitial time interval value (DELT-Fin. Dif Mod) . 0.000G0E+00
§) Fractional change in DELT at each time step. . . 0.CO0000E+00
§) Maximum value of DELT (VES) . « « o ¢ o 0 0 o e o 4.00000E+00
7) Mazimum simulation time (yrs). . . » + o« = = e o 1.000C0BE+03

8) Exit to MAIN MENU

Entaer choice:

6.2.1 Time Intervals (FD)

The maximum number of time steps permitted in solution of the finite difference transport
equations. Maximum value is 1000. Unused in the MCMC model.

6.7.2 Number of Output (MCMC) or Time Step Changes (FD)

This input variable, (NDTCHG within the code], sexves & dual role depending on the choice
of transport model. If the MCMC model is selected, the user must supply the number of times at
which a calculation is performed.

If the FD model is selected, the time step size is determined from the initial time step and a
multiplier applied at the end of each time step. The size of the time step is limited by a maximunm
value of the fime step, (DELMAX). For example, if the time step is 1, and the fractional multiplier
15 0.1. The second time step is 1.1, the third is 1.21, ete. The increase is applied until the maximum
value is reached, Sections 6.2.4 - 6.2.7. Time step logic within the code permits the time step to be
reset to the initial time step at user specified times. This can e usefu) if it is known a priori that an
event that will change the movement of contaminants will ocour at a specific time. For example, if
t 15 known that containers fail at 20 and 50 years, the user may want ©o heve relatively small time
steps around the times of container failure. This can be achieved through resetting the time step at
these two times.

6.2.3  Ouiput Times or Time Step Changes
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\& sub-menn, it should be noted that a value is not listed for this parameter. This ocours
because this parameter requires an array of values. Upon selection of this sub-menu item, the current
values in the array are printed. All parameters that require an array are presented in this fashion.

Again, this is a dual role variable. For the MCMC model this input specifies the times {in
years) a¢ which output is requested, with one value for each output time requested in 6.2.2.

For the FD model, this input specifies the time at which the time step is to be reset to its initial
value. If this value is greater than the maximum problem time, the time step is never reset.

6.2.4 Initial Time Step (FI)

Initial time step size in years.
6.2.5 TFractional Time Step (FD)

The fractional change in time step is input in this secticn. Assuming that the maximum time
step has not been reached and the time step has not been reset, the time step size at the N-th

caleulation 1s:

DTy = DT; * ( 1+ FRX)T

whereDTy = the N-th time step.
DT; = initial time step, and

FRX = fractional change in time step.
At the time a1 which the time step is reset to its initial value, the value of N is reset to 0.
6.2.6 Maximum Time Step (FI)

Maximum value for the time step (years). This value should be selected based on the problem
being modeled and the degree of accuracy required in the solution.

Although the solution procedure used is fully implicit, as a rule of thumb, the contaminant
should net move more then the width of a computational cell in one time step. Therefore, the
following relationship should be maintained:

Vpht
RAx

<10

where Vp is the Darcy Velocity, At is the time step size, R is the retardation coefficient and Ax is the
cell width. The above expression can be used to obtain 2 maximum time step.
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697 Maximum Simulation Time (F1)

Maximum problem time (years), the default value is 1000 years. In the MCMC model, this
is automatically set to the last value for the cutput time.

6.3 Material Assignments/Properties

If the MCMC model has been seiected, the analytical solution permits only one material type
in the facility. Therefore, the DUSTIN code does not permit the user to redefine material types and
sends the user o the material property definition menu. The following screen appears in this case.

rransport flag = 0 : MIXING CELL MODEL spacified.

Thisz model assumes that only ONE material type exists.
£11 nedes arve thus assigned naterial type 1

Material properties:

03 Exit {(keep these wvaluas)

i} Distribution coefficient........-- 0.000000000000000
2} Bulk densify....ccovoesnaoerconne G.00000000000C000
3} Enter hoth properties

Enter choics:

The user can then modify the two material propexties used in the MCMC model, the
distribution coefficient (crn’/gm) and the seil bulk density (gm/@m3), These values are used 10
calculate the retardation coefficient.

1 the FD transport model is used, up to 10 Jdifferent material types can be specified throughout
the facility. This additional flexibility requires that each control volume is assigned a material type.
The code auiomatically defines all control velumes as material type 1. Therefore, definition of
material type is required only for control volumes that are not material type 1. The FD medel
material properties menu is:

Materizl prcperties

1) Wo. of differant materials (FDB) ..occeecocnaacosss s 0

6-11



2y Ho. of changes to paterial type assigopents (EDY ... 8
3) Properties of each material type
4) Exit to MAIN MENU

63.1 Number of Different Materials

The variable specifies the number of different materials in the facility. The maximum value
is 10.

637 Material Type Assignments

Material type reassignment is achieved through the following routine. Explicit instructions
and variable definitions are provided when rupning DUSTIN as in the example that follows.

Tn this example, the code asks for the number of material type reassignments. To minimize
input errors, the DUSTIN code uses a routine that requires the user to input values within a specified
range. The maximum and reinimum of the range are determined internally by the code and are based
on consistency with previously defined values. In this example, the maximum value of 100 is
determined as the maximum number of control volumes as specified in Menu 1.4,

Tn this case, the code user asked to reassign 10 nodes (control volumes). The code then prints
the instruciions and definitions for the input variables. The first of which is the node number for the
first node in this sequence. Again, Min and Max values are calculated by the code. The user
seiected a value of 90.

The code asks for the number of nodes o be reassigned in this sequence. The user requested
10, the total number previously specified. If the first node in the sequence was 95, the code would
permit only 6 nodes (nodes 95 - 100 inclusive) to be redefined. For the increment between nodes,
the code calculated that the maxinum increment was 1 and forces the code user to input a value of
1. If for example, the user asked to redefine 2 nodes starting at node 90, the maximum increment
would be 10 (i.s., nodes 90 and 100 could be defined on this card) and any value between 1 and 10
would be acceptable.

The code asks for the material type to assign to the first node in this sequence. The maximum
value of 3 was determined from the value specified in Menu 3.1. The code user selected material
type 3.

The increment in material type to sach node was determined to be zero (there are only 3
materials). In a 1-D simulation most ofien, the materials will oceur in layers covering several nodes

2nd zero will be the appropriate choice. However, if the materizl types change in 2 regular fashion,
this feature may be used.
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£ 4

Tipon completing this sequence © et the code prints out the values and asks il they are
i by = i

acoeptable. In the example, we have defined n
100 is still material type 1.

o

be material type 3. Note, node num

Wo. of material corractions {MIR=0 , MB3=100) :
(Number of nodes whose material type assignments
will NMOT have the default value of 1}

Enter choice: 10

Material typs re-assigmment is achieved through &
seguence of f£ive integer numbers. These numbers areé:

1) The loscation (node #) of the fizst node in the seq.

2) The number of nodes te be reassigned.

3) The incresent of tha nodes in this sequencs.

4) The materiazl type for the first mode in the seq.

5) The increment of material type for the nodes in the seq.

For exsmple, to assign even puzber nodes batwesn 10 - 24
to have material type 2 use the following walues:

1) = 10: 2) = (24-10)/2+1 = &3
3) = 2: 4) = 2: : By = O
Nede % of the first node of sequence 1

o be re-assigned: (MIN=1 ,MAX=100)

Enter choice: 90

Wo. of nodes that will be re~assigned in this
sequance: (MIN = 1, MAX = 10)
tnter choice: /0

Tnorement of nodes that will be roe-assigned:
MIN = 1 MBX = 1)
Enter choice: [

Material type of first node in seguence i
(MIN = 1, MAX = 3)
Enter cheige: &

Ipecrement of the material type index for the
subsequent nodes in the sequence:; (Mormally this
would be zerc, i.e., all nodes in the seguence belong
to the same material type. It is non-zero if they
change in a linear MAnNNSr. )

(MIN = G, MBX = 0]
Enter cheice: ¥

values for this card (seguence) are:

First Number Incrensant Material Incrensnt
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Mode in Seg Wode gttt Main'l Type
S0 Lo i 3 G

0 = Re—enter THIS sequence
i = Ceontinue

Enter choice: [

Mzterial type re-assigmment complete.

First Nunbar Increment Material Inarement
Hode in Seg Wode Type Mat'l Type
20 ig¢ b 3 4]

Press Enter to Continue.

The code checks 1o determine if the mumber of material type reassignments equals the total
number specified in Meru 3.1, if it does, the sequence of numbers that define material type are
printed. If it does noi, ihe code returns to the beginning of this section and asks for more
reassignments. Although there ‘s« a check on the total number of reassignments, there is no check
on whether a node has been reassigned twice. For example, the user could specify that nodes 1 - 5
are material type 2 in the first sequence and then specify nodes 3 - 7 are material type 3 in the
second sequence. The code would then only define 7 nodes having material properties different than
material 1.

6.3.3 Material Properties

Tor the FD model, four soil material properties (distribution coefficient, bulk density,
dispersivity, and diffusion coefficient) are required. The following example provides a typical input
session for the first material. First, the code prints out the existing values for all material types
(specified in Menu 3.1). [f the user decides to change some of these properties, the code asks for the
material type to change, prints oul the existing values for that material and allows the user to change
any one of the values independently or all of the values simultaneously. In this exampie, 2ll of the
values are changed. The units required for the various parameters are prinfed to reming the user that
cgs uniis are used for material properties. After the user has input the parameers, the code prints
these values and allows the user another chance to change the input. If the input is correct, the code
refurns to the materials properties menu and asks for changes in other materials.

Material properties:

Mzterial i 2 3
Distribution coefficient. ... Q.00E+00 C.00E+CC 0.00E+Q0




Bulk densifty....cicironeonons 0. 00E+00 G
Disperelivity. oo oo ns 0. 00B+00 § G.00E+
Diffusion coefficient........ O.00E+00  0.00E+00  0.00B+C0

0 = Done with material properties
1 = Change material properties
Bnter choice: [/

Enter the materizl type to be changed:
Min = 1, Max = 3)
Enter choice: [

values for material type 1:
0} Bxit {(kesp these walues)

) Distribution coefficiant....ocoeooss oo 0. 00060000600000000
2) Bulk donsSity...ccoosteossonososancossnno 0.000000000000000C
3 DieperSiVity...cocinvaaoroccnsnvonsssos ¢.000000000000000
4) Diffusion coefficient....cveoeconocsne 0.C0000000000000C0

5} Change all propezties
Snter cholca: J

Enter distribution coefficient, in om’/gm: LJ
Fnter bulk density, in gm/cm’: 14
Enter dispersivity, in cm: 250

Enter diffusion coefficient, in em’/sec: fed

values for material type 1:

03 Exit {keep these valuas)

1) Distribution coefficient.....ccccovvaass 1.5000000000000
2% Bulk density.....occvonconaocsssasansnss 1.400000C00000C
3) Digpersivilty . v vorcranacrossos oo 25, 0000000000000
4% Diffusion coefficient....c.ioevsaraessns 0.180000000=005

8) Change all properties
Bnter choloe:




i Specibcations

This sub-menu contrels output produced by the DUST code.

OUTPUT specifications

1) Printer control parancters

2) Ne. of concentyration traces ......ccvuvoen Q
3) Location(s) of concentration traces

4) NWo. of flux Trages ......ccoaoccsesrrnoccs ]
5) Lecation{g) of flux traces

&) Fo. of time steps betwsen traces ......... i

73 Exit te MAIN MENU

Enter cholicea:

6.4.1 Printer Control Parameters

The first mepu item controls the main print out. In DUST there is a variable KPR(I) where
I ranges from 1 to the number of time steps in the FD model and to the number of output times in
the MCMC model.

For the FD model, if KPR(D) = 0, nothing is printed at the I-th time step. ITKPR{) = 1, the
concentration at each finite difference point is printed. 1f KPR(I) = 2, the concentration and flux are
printed. 1f KPR(Y) = 3, container breach and wasteform relesse parameters are printed. When using
the FID model, often many intermediate czleulations are performed to enhance numerical accuracy,
therefore, zere is the default vatue for all items in KPR. Thus, in order to obtain the main output,
some of the values for KPR must be specified. At every time step in which KPR > 0, the
concentrations at every location are written to the file CONCNT.DAT. This file can be used by the
srogram GRAFXT to graph the data on the video console.

For the MCMC medel, output is slightly different. In the MCMC model predictions are
obtained from an analytical solution which is calculated only at the times and locations specified
through input. The times for output are specified in Menu 2.3 and the locations are specified
through the trace files, Menu 4.3 below. Again KPR(I}=0 prints nothing. However, KPR(I) =1
prints the concentration and fluxes at the trace locations specified. The MCMC meodel does not have
any termporal output pertaining 1o release from the wasteform or container breach. In this model,
container breach is specified via input as the time to failure and wasteform releases are either
exponentially decaying in time, in which case, the amount released can be easily determined, or
release is instantaneous dus to surface rinse. The default value for KPR(D) is one since calculations
are only performed af requested times.
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Enter choise: [

Thie routine allows you to specify the time steps
at which ocutput will occur.
OUTRUT file print-out sontrel variables:

The following tima intervals have non-zZero print
flage, (FF). Ouiput will cccur at thess tine steps
211 blanks imply ne output.

w-gTEP PP T-87EF PF T-STEP PF T-STEP PF T-gTEP PF T-STEP

0) Keep these values

1) Change values individually

2) Change & seguence of values
Enter choice: 2

Brint Flags

6 = Print nothing (defsult FD}

1 = Print concentration

5 = print above (1) plus paterial flux (defzult MCHMC) .

3 = Print above (2) plus container breach, and waste
form release information (FD only) .

Phig routine will set W time step print fiage to &
specified value using the Following expression.

KPR {I4+J%RADD) = FRINT FLAG

where I is the number of the first time step in the
sequence, NADD is the number of time steps tc be
skipped betwean printouts, and J is the number of
steps in Tthe sequanhce {J runs fzrom ¢ o W-1)

Enter the number of the first time etep in this series
Enter choice: J

Znter the number of time steps metween output, NADD
(MIN = 1, MBX = 83)

Enter chojce: 10

Enter the number cf times requesting output, N

MIN = 1, MBX = 10}

Enter choice: 10

Enter the value for the print £lag (0 - 3)
Enter choice: §

RITEYUT file print-out control variables:

The following time intervals have non-zero print

PE
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lage, (BFF). OCutput Wil oocuz 2t these Cime steps
£11 Blanks implies no oubput.

w-sTEP DF T-STEP BF T-STEP PF T-STER FF F-SFER BF  I-STEP PF
5 3 15 3 25 3 35 3 45 3 55 3
65 3 75 3 85 3 95 3

0) Keep these values
1) Change values individually
2) Change a sequence of values

Encer chojice: 0

In the preceding example, the FD model has been specified and initial values for KPR are
zero. The user selects to obtain the full printout, KPR =3, starting at time step 5 and for every 10-th
time step after this. Instructions on how 1o input this information are provided while running the
code as shown. After specification is complete, the code returns fo the output specifications menu.

If option 1, change values individually, were selected the code asks for the number of values
shat are (o be changed and then uses this number to repeat 2 sSqUENCe of questions asking for the
time step and print flag to be specified. Agaln, instructions are provided during operation of
DUSTIN.

642 Number of Concentration Traces

Reguesting a concentration trace requires the DUST computer code to write a file containing
concentrations at a specified location as 2 function of time. Up to twenty locations can be specified.
The output file created by DUST is calied TRACECND.DAT. This file can be used directly by the
graphics program GRAFXT.EXE and a plot of concentration versus time can be viewed immediately
after running the DUST code.

In the MCMC model the number of concentration and flux traces as well as their locations
st be identical. The reason for this is calculations are performed only at the frace locations. The
DUST code performs a check to force :dentical flux and concentration trace locations when the
MCMC modet is used.

6.4.3 Location of Concentration Traces

The location of the concentration lraces are determined by specifying the node (or mixing gell)
at which 2 trace should be made. In DUSTIN the user is given the option of redefining a single trace
node, or all of the trace nodes. In the following example, trace nodes bad been previously specified
and fhe user decided to change the last trace node from 50 to 60. After this, the code would print out

the new values for {race nodes and ask if any further changes werc desired.

Tocations of concentration traces specified by NODE #:
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(Aiso the location of Flux traces when the mixing bath
model is used.)

Concentration Lrace 1 at node = i0
Concentration trace 2 at noda = 20
Concentration trace 3 at node = 30
Concentration trace 4 at node = 40
Concentration tzace 5 at node = 50

0 = Keep these values

1 = Change one

2 = Change 2ll individually
Enter choice: [

gpecify no. of trace (Min = 1, Max = 5]
Enter choige: &

Enter NHode for concentration trace 5
(Min = 1, Max = 100}
Enter choice: 60

6.4.4 Number of Fiux Traces

Requesting a flux trace requires DUST to create a file containing the instantaneous mass flux,
total mass (flux integrated over time multiptied by the surface area of the facility (Menu 5.2)) that
nas passed through that point, and mass release rate (flux multiplied by the surface area). The total
mass is caleulated numerically by summing the product of the flux, facility area, and time step. This
estimate may be subject to large errors in the MCMC method if the time between computations is
large.

T¢ the MCMC model is specified, DUSTIN does not aliow the user to input this variable and
vefers the user to the concentration trace section. The number of flux traces is automatically set
equal to the number of concentration {races.

6.4.5 Location of Flux Traces

The location of flux traces are determined by specifying the node (or mixing cell) at which a
trace is requested. If the MCMC model is used, DUST requires that the locations of the flux and
concentration traces be identical. Therefore, DUSTIN refers the user to the section on specifying
concentration trace locations (Menu 4.3).  The input procedure for specifying location for flux traces
is identical to that of concentration traces.

6.4.6 Number of Time Steps between Traces
This value specifies how frequently the trace files are updated. If the default value of 1 is

used, traces are written af every time step. 1€ 3 value of N is used, traces are written every N-th time
step.
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6.5 Facility Dimensions and Coordinates

Facility dimensions and cocrdinates

1} Average HEIGHT of facility (MeMC model) . ..ocene e 0.0C000E+00
23 Horizontal suzrface AREA of Facility oo ooaanons 0.CG00C0E+00C
3) Node coordinates {FD model)

4y Bxit to MAIM HENG

6.5.1 Height of the Facility

The MCMC model requires the total height of the facility. The size of each mixing cell is the
total height divided by the number of mixing cells. The height must be fnput in centimeters.

The FID model calculates the facility height directly from the nodal coordinate input and this
input is not required. '

6.5.2 Surface Area

The surface area is a normalization factor that permits scaling of the concentrations {mass per
unit volume) to account for the 3-D facility in a 1.0 model. The volume of & compu-tational cell
is the height of the cell multipiied by the surface ares. Obtaining the correct concentration is
important as the dose to man scales linearly with concentration. The area must be input in units of
square centimeters.

6.5.3 Node Coordinates (FD model)

The FD model permits non-uniform mesh spacing. This is useful when modeling different
regions which exhibit different transport characteristics. The values for the node coordinates
represent depth and can be positive or negative. However, Node 1 is always the highest node (least
deep) and the last node is the Jowest node (greatest depth). When entering coordinate values, the
coordinates must increase with depth and the user must nput the coordinates in order, beginning
with Node 1. (The DUSTIN code forces the user 10 begin with Node 1 and continue sequentially
to the last mode.) The distance must be in units of cm. For regularly spaced nodes, automatic
generation of the nodes can be specified through the formula n the following exampie.

Upon entering this menu, the following description of the input requirements is presented.
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The

Imput of

Hode coordinates

and can be positive or negative. lNede 1 ism always
highest (least deep), and the ilast node is always
lowest (greatest depth).

e recommend assigning node 1 a depth of 0.0 cm. In
any case, coordinates pust INCREASE with increasing
node number.

press Enter to Continue.

using a series of cards that will avtomatically
caleculate the coordinates using a regular sequence

In particular, this routine will ask for:
a) the locaticn of +he first node in the ssquence, (3LXY D
b) the distance between nodes in this seaguence, DELTAX, and;
c) the fractional change in node size, XFRACT.
d) the number of nodes in a seguence (W} :

The leocation of esach node is caloculated from:
X(I+J) = X{L} + DELTAXY (L+XFRACT) #%.J

where J=0 to N-1,

values for the node coordinatses raprasent DEPTH,

the nodal coordinates is accomplished by

The example
1atx=0.

welow defines nodes 1 - 50 having a mesh spacing of 10 cm beginning with node

0
1

Distance between each node for the nodes in this
first sequence {cm): [0.0

Fractional change of the distance hetween nodes over
the preceding distance: 0.0

Mo.

thie first sequence, including node 1
(MIK = 1, MBX = NNP = 100)

gnter choice: S0

Enter choige: [

Coordinate of node 1 (cm}: 0.0

of nodes that will be assigned cocrdinates in

= Re-~enter this saguence
= Continue
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The DUSTIN code permits the user to re-enter the sequence if an error occurred. If the
sequence is correct, the code automatically checks to make sure that every node receives a coordinate
value. In this case, more nodes need to be defined and the code calculates the value of the last node
and the number of nodes remaining to be defined, and asks for more input. In this example, nodes
51 . 100 have a mesh spacing of 20 cm beginning with X(51) = 500 cm.

Ne, of nodes that will be given coordinates in this
sequence. { MIN = 1, MAX = 50)
Enter choice: 40

Coordinate of first node in ssguencs 2:

Cannot ba less than coordinate of last node of the

previous seguence, which equals 490, 000003000000 O 2
Enter value GREATER than XMIN = 480.000000000000C : SO0

Tnaerement of ccordinate for each nede in this
seguence, in centimetexrs: 20

Frazotional increase (or decreasge) of the increment
over its precading increment: 0

0 = Re-enter this seguence
1 = Continue
Enter choice: /

After completion of the input, the code prints the values requested in the form used by the
DUST code.

Coordinate data satry complete.
The sequence of cards generated is:

Firsh Number Location Delta X Frach.
MNode in Seq. Change
1 50 0.00E4+00 1.00E+01 0.00E+00
51 50 5_00E+02 2.00E+0L 0.C0E+00

6.6 Initial and Boundary Conditions
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The MOMC model assumes that the concentration entering the top of the modeled region
zero and because of the uni-directionality of flow, doss not require & bottom boundary condition.
Therefore, only the initial conditions are required. If the initial condition is zero concentration
everywhere, this is the default and the code will automatically generate this when requested. If there
are nom-zero imitial concentrations, the user specifies these through three input parameters, the
number of locations to be given e value, the value, and the amount {o add to that value when
incrementing the location counter by 1. This procedure will be explained in detail under the FD
medel initial conditions section.

The following is a typical example of the Boundary and Initial Conditions session, if the
transport flag indicates that the MCMC model is to be used.

Mixing bath model does not require boundary cenditions
Howevey, it does reguire initial conditions

Prass Enter to Continue.

Initial condition: CONCERTRATIONS

0 = Use DEFAULT of 0.0 initial concentration at all
logations.
1 = Set your own initial aoncentrations

Enter choice:

If the D transport model is being used, the following menu appears.

Initial znd boundary conditions

1) Impitial concentrations

2y Top bpoundary condition flag...... iieaesaees oo i
3) Bottem boundary condition flag........ ses e 1
{1 = Congentration specified )
(2 = Total £flux specified 3

{3 = Advective L£lux specified )
{4 = Dispersive f£flux specified)
4) MNo. of boundary condition data points........ .o 2
5) Start times and values of top b.c.
6) Start times and values of bottom b.C.
7y Bxit to MAIN MENU
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Enter choice:

6.5.1  Imtial Conditions

The initial concentration at every finite difference point must be specified. If a number of
concentrations are egual or change in a regular manger, the input can be grezily simplified by
entering a sequence of three numbers which represent the number of nodes (locations) at which the
concentration is to be defined, the value for the concentration at the first of these nodes, and the
amount to 2dd to each successive node. DUSTIN requires that the initial conditions be specified
beginning with Node 1 continuing sequentially to the last nodal point. Upon completion of
specifying all concenirations, the sequence of values are printed and control is returned to the
Boundary and Initial Conditions submenu. If the initial condition is zero everywhere, the user can
request the code to generate the appropriate input automatically.

The instructions printed by DUSTIN when eniering this menu are:

Initial condiftion: CONCENTRATIONS

0 = Use DEFAULT of 0.0 initial concentration at all
locations.
= Set your own initial concentrations

Enter choice: [

This routine requizes the user to define the initial

concentration at all 100 nodal points.

This is accomplished using a systen ghat allows multiple

assignments using a2 sequence of 3 values.

1) The number of nodes to be agsigned a valus

2} The ceoncentration at the first node in the sequence.

3) The amount tc add te the concentration at esach node
in the sequence. This ig usually 0.0

For example, for a system with 20 nodes. To define the
First 10 nodes the values 1 - 10 and the next 10 a
vajue of 0.0. The following two seguencss would be
entered.

Sequence i1 - Value i) = 10: Value 2
Sequance 2 - Value 1) = 10: Valuve 2

i

i.0: Value 3 1.0
¢.0: Value 3 = 0.0

#

il
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An example in which 100 nodal points bave been requested follows. The first 50 nodes have
o e, . . o . . . . 3 . .
an inigal concentration of one. The units of concentration are either gms/em’ or Cifem’ depending
on whether the mass inventory is input in units of grams or curies (Menu 1.3 Mass Flag).

This series assigns the initial concentration

beginning at MHode 1

wo. of nodes, including lst, in sequenca i
(MIN = 1, MAX = 100)

Enter choice: S0

Concentration at nmode 1 for ist seguence: 10
Inerement of initial concentration over the 50 nodes: (0.0
0 = Re-enter this seguence

1 = Continue
Enter choice: [

At this point, the code recognizes that not all 100 nodes have been given an initial
concentration and more data is requested.

This series starts from Fode 351

Ne. of nodes including lst, in seguence 2:
MIN = 1, MAX = BO)

Enter choice: S0

Concentration in the first node of this sequencs: 0.0
Inerement of initial cone. over the 50 nodes: 0
¢ = Re-enter this seguence

1 = Continue
Enter choice: [

At this point, all nodal points have 2 specified initial condition and the code prints out the
input values in the form required by the DUST code.
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Initial concentration data entry complete.

The sequence of cards generated is :

First Hode Humber Concantration Change in

in Sed. in Beq. Concentration
1 50 1.0084C0 0.00E+00O
53 50 0. 0O0E+00 0. 008+00

6.6.2 Top Boundary Condition Flag

Four choices for boundary conditions are allowed within the DUST code. The concentration,
iotal flux, advective flux, or diffusive/dispersive flux can all be specified as a function of time.
These are described in detail in Section 2.6.

This input value sclects the boundary eondition from among these choices. The default value
requires the concentration to be specified.

6.6.3 Bottom Boundary Condition Flag
The choices are identical to those at the top boundary as described in 6.6.2.
6.6.4 NWumber of Boundary Condition Data Points

All boundary conditions are specified as a function of time through a table containing the
value of the boundary condition and the time in years. Al any given simulation time, the value of
the boundary condition is determined through imterpolation of this table. The last time in the
boundary condition table should be greater than or equal to the maximum simulation time. If this
is not done, unpredictable results may occur. The minimum number of data points required to
specify the interpolation table is 2. The maximurm nurnber allowed by the code is 10.

6.6.5 Boundary Condition Table for the Top Boundary

Boundary conditions (BC) are input as ordered pairs of time (years) and BC value (where the
umits are consistent with previous input, e.g., if mass is input in curies, mass units for the BC are in
curies).

The following exarnple has 4 data points in the table (specified in Menu 6.4), 2 maximum
simulation time of 100 years (specified in Menu 2.7) and sets the concentration to 1.0 between 0 and
10 years and 0.0 after 10.01 years. Between 10 and 10.01 years the concentration varies linearly
hetween 1 and 0. Upon entering this submeny, the code prints out the existing values for the BC (all
zero by default in the example). Afier a decision has heen made to change the values, the code
prompts the user for the first concentration value and forces the first time in the table to 0.0 years.
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Afte

Jine separated by a space. Afier all of the boundary poi

I

r this, the code promepts the user for the ¢

review by the user.

o

- and boundary vaiue. These are in y
nts are specified, the table is printed for

W
=+

Current Values:
Time (yrs)

Enter choice: [

Enter concentration:

For ordered pair # 2
Enpter time (in yrs) and
10 L0

For ordered pair # 3
Tnter time (in yzs) and
10.01 0.9

For ordered pair # 4
Enter time {(in yrs) and
00 0.0

Time and boundsry value

Time (yrs)

Press Enter to Continue.

Boundary Value

0.00E+00 0.00E+GO
¢.00E+00 0.00E+00
0.0084+00 ¢. 00E+CO
0.00E+00 0.00E+00

Do you wish to change these values. (0 = No, 1

value of boundary condition at TIME = 0.0
1.0

corresponding vaiue of

corresponding value of

sorrespending value of

entries complete.

Boundary Value

0. 008+00 1.00E+00
i.00BE+01 1,.00E+00
3. 008401 0.008+00
1.00E+02 0.00E+0C

H

Fes)

L O & 8l

6.66 Boundary Condition Tabie for the Bottom Boundary

6.7

This procedure is identical to that of the top houndary. For details see Section 6.6.5.

Water Flow and Moisture Content
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Zor the MICMC model, the user is permitted to input a single value for the Darcy velocity and

the moisture content. The FI model permits the Darey velocity (o be obisined as a function of time
through tabular input in an approach similar to that of specifying the boundary conditions. The
moisture content is permitted to vary spatially. The values for the Darcy velocity and moisture
content should be obtained from numerical simulations with site specific data. The menu is:

Watar Flow and moisture content

1) Darcy Veloocity
2} Moisture content values and location
3} Exit to MAIN MENU

6.7.1 Darcy Velecity

For the MCMC model, the DUSTIN code prints the current vaiue for the Darcy velocity, asks
if 2 change is nesded, and if so, asks for the value of the Darcy velocity (cm/s).

For the FD model, a table of velocity versus time may be input or 2 single value for the Darcy
velocity may be used. If a single value is used, the code asks the user for that value and creates the
input table by specifying this value at t = 0 and t = TMAX (Menu 2.7). If a table is input, the
velocity at any simulation time is caleulated through linear interpolation using the table. If the last
sime value in the table is less than the maximum simulation time, unpredictable results may occur.

In the following example, the user has decided to specify an increase in velocity over time
between 0 and 1000 years. DUSTIN prints current values for the table (0 by default) and asks if 2
change is requested.

Finite-difference model permits a table of Darcy
valocity versus time

current values for Darcy Velocity vs. Time
Time {(yrs) Darey Velocity {om/s)
¢, 00E+00 0.00E+0D
0.00E+CO 0.00E+00

Do you wish to change these values. (0 = No, 1 = Yes&)
Znter cheice: [

6-28



At this point, the user is provided a choice of using & single value or inputling a table of
values. If 2 table of values is desired, the user inputs the number of points in the table and the code

then prompis the user for the values. The code forces the first time value to be al zero years.

1} Emter a single value foxr Daxoy Veloclty
2) Enter a table of Daxcy Velocity versus time
3) Bxmit

Enter choice: 2

No. of (time, Darcy velooity) pairs

(MIN = 2, MAX = 10)
Enter choice: 2
parcy velocity at TIME = 0.0, in om/sea: JJe-/
Enter time T and VDAR(T), in yrs and om/sec
s (yes): OO0
Darcy velocity {(om/sec): 707

Time and Darey velccity data entries complete.

Time {vrs) Darey Velocity (om/s)

0.00E+00 3.50E-07
1.008+03 7. 00807

6.7.2 Moisture Content Values

For the MCMC model, the DUSTIN code prints the current value for the moisture content,
asks if a change is needed, and if’ so, asks for the value of the meisture content. The code permits
the moisture content, velume of water per volume of the system, to range between 0.0 and 1.0
Typically values fall within & more narrow range, i.e., from 0.05 in very arid sites to 0.5 in saturated
sites.

For the FD model, the moisture content may vary with position. The values for moisture
content should be determined from detailed simulations of the flow around the facility. In assigning
moistare content values, the user must specify a value for every control volume. If the moisturs
content vaiues remain constant or change linearly between control volumes for 2 region of the
modeled domain, automatic generation of the moisture content ¢an be prescribed.

The DUSTIN code forces the user 1o enter the moisture content for each control volume
(node), beginning with Node 1 and continuing sequentially untl all nodes are specified. When
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entering this menu, existing values are printed in the form required as input by DUST and the user
is asked if a change is desired.

Moisture content values and location

The current seguence of cards gensrated is :

First Mods Number Moisture Change in
in Seq. in Seq. Content Moisture Cont
0 o] 0.00E+00 ¢.00E+00

Do you wish to change rhese valuas (0 = No, 1 = Yes)
Enter choice: [

]

& Moisture content is equal at all nodes
1 = Moisture content varies at different nodes
Enter choice:

I€ the moisture content is constant (O entered on the previous menu), the code asks for the
value. If the moisture content changes with location, the following instructions are printed.

This routine requires the user te define the initial
moistore content at 211 100 nodal points.
This ie accomplished using a system that allows multiple
agssignments using a saguence of 3 values.
1) The number of nodes to be assigned a value
2} vhe moisturs content at the first node in the sequencs.
3) The amount to add to the moisture content at each

node in the sequence. This is usually .0

In the following example, the number of nodes has been specified to be 100 and the moisture
content is set to 0.25 for the first 50 nodes and 0.3 for the last 50 nodes.

The first node in this sequence is node 1
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e, of nodes in lst seguence
(MIN = 1, MAX = 100}
Enter choice: 0

Moisture content at node 1 of lst sequence! Min = 0.0, Max = 1.0) : 0.45

Inerezse or decrease in moisture content over
each of the 50 nodes: 0.0

0 = Re-enter this seguence
i = Continues
Enter cholce: [

At this point, the code recognizes that only 50 of the 100 nodes have been given a value for
moistuse content. Therefore, it prints the instructions out and requests more input. Notice that the
code begins this sequence at Node 51, the first undefined node.

This routine regquires the user to define the initial
moisture content at all 100 nodal points.
Phis is accomplished using a system that allows multiplie
assignments using A segquencs of 3 values.
1) The number of nodes to be assigned & value
2) "he meisture content at the first node in the seguenhce.
3} The amount to add to the moisture content at each

node in the secuence. This is usually 0.0

The first node in this sequence is node 51

Ho. of nodes including lst in seguence 2:
(MIN = 1, MABX = 50)

Enter choice: 7

Moisture content at noede 1 of this sagquence: (Min = 0.0, Max = 1.0} : 05

Increass or decrease in moisture content over
aach of the 5C nodes: 0.0

il

0 re-enter this seguence
1 Continue
Enter choice: [

It

Upon specifying all meisture content values the code prints out the input cards needed by the
DUST code.
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Moisture content data entry complete.

The sequence of cards generated is

Fizrst Node Hunbar Moisture Change in

in Sedq. in Sed. Content Moisture Cont
i 50 2.530E-0L 0.00E+00
El 50 3.0CE-01 0.00E+00

6.8 Container Paramelers

The DUST computer program allows up to 300 different containers each with a unique fime
to failure. The MCMC model does not allow localized failure to occur. Therefore, it requires only
the number of containers, the time to failure and location of each container. The FD model permits
up to 20 different localized container failure rates to be applied to the containers. Therefore, it
requires input on the rate parameters, and integer flags that specify which set of rate parameters

should be used for each container. The container menu is:

Container paramaters

1) Wo. of containers ...... e e e e e e easeas e e e e ... 0
2) Pime of general Ffailure for each container

3}  Location of each container

Ttems 4 - 7 are reguired only by the FD moedal

4y Wo. of failure types for local failure .....ccoe0 00 &
5) Ceorresion model flag for sach container lLype

) Leog. failure pavameters for asach cont. type

7) Logc. failure parameter assigrnments to containers

8) Bxit to MAIN MENU

6.8.1 Number of Containers

This input variable provides the total number of mixing cells or control volumes that have a
wasteform source.

6.8.2 Time of General Failure
Each container has a time of general failure after which the container no longer provides a

barrier 1o release from the wasteform. These limes should be estimated based on the material,
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{hickness, and expecied degradation rates. atio ahle on corrosion rates for carbon and
stainless steels in soil systems [Romanoff, 1957; Gerhold, 1981; Sullivan, 1989].

The failure time must be input for each container in units of years. Upon entenng this
subment, the code prints the current values for failure times and allows the user to change each one
of these times independently or set a series (o a single value.

Time of general failure of each container

Con~ Time of Con- Time of Con- Time of Con~ Titie OF
rainer failure{yrs) tainer Failure (yrs) tainer failure (yrs) tainer failure (yrs)
1 0.0CE+CO 2 0.0084+00 3 ©.00E+QC 0.008+00
5 0.00E+00 & 0.00B+00 7 0.00B+00 8 0.0CE+00
e 0.00R+00 10 0. 008400 11 g.00B+00 iz ¢.COE4+00
13 ¢.00E+CO 14 0.00E+QQ 15 o, 00E+00 1 0. 00E+C0
i ©.00B+00 ig 0.00B+00 1@ 0.008+00 20 0.00E+00
0 = Kesp these times
1 = Change cone
2 = Change all individually
3 = Change a seriss to one value

Enter choics: &

In changing a single vaiue, the code asks for the node nmumber and the failure time. When
changing a series io one value, the following instructions are provided on the screen when running
DUSTIN. Tn the example, the user has previously specified that there are 20 containers and then sets
she failure time of the first 10 containers at 10 years and the last 10 containers at 20 years. This is
achieved through input of three values: a) the value for the first container in this sequence; b) the
total number of containers in the seguence; and c) the fzilure time. After a sequence has been
compieted, the current failure times are printed and the user is asked if more changes are required.

This sequence will assign containers I through L+M the
sane value for the time of breach

Enter the number of the first container in this
sequence {(MIN = 1, MABX = 20):
Enter choice: /

Nuzber of containers to be assigned 2 value
(MIN = 1, MAX = 20}:
Enter choice: [0
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e value for the time of breach {yrs) in this seguence. i

The process was continued for the remaining containers. Output of the current values for
faihure times follows:

Entar the number of the first container in this
sequence (MIK = 1, MaX = 20):
Enter choice: [

Number of containers te be assigned a valus
(MIN = 1, MAX = 10}:
Znter choige: [0

gnter the value for the time of breach (yrs) in this seguencs. 29
Coin- Time of | Comn= Time of Con- Time of Con~ Fime of
rainer failure(yre) tainer failure (yrs) talner failure (yzs) tainer failure (yrs)
1 1.00E4G2 1.00E+01 3 1.00B+01 4 1.00E+01
5 1, 008+01 & 3. 008+01 7 1.00E+01 8 1.00B+C1
g 1.0084+01 10 1.00E+01 11 2. 00E+0L 1z 2. 00B+01
i3 2.00E+01 14 2.00E+01 15 2.00E+01 i8 2.00B4+01
i7 2. 00E+05 18 2, 00E+Q1 i@ 2.0084+01 20 2, 00E4+01
0 = Keep these times
1 = Change oOne
% = Change all individeally
2 = Change a series To one value

6.8.3 Location of the Containers

Each container must be assigned to a unique location. This is accomplished by DUSTIN in
o similar fashion as specifying the failure times. The user is permitted to change each value
independently, or change a sequence of values. If a sequence of values are to be created, four values
are needed: 2) the number of the first container in the sequence; b) the location (cell number) of the
Grst member of the sequence; ¢) the distance between (numbser of cells) adjacent containers; and d)
she number of values to be assigned in the sequence. The default vatue for container Jocation is zexo.
Failure to define this number will cause the DUST code to fail.

The equation used to generate this sequence is presented in the menu as shown below. In the

exzmple problem, the wser has specified that the first container is in node 20 and the remaining
coniainers are in the 19 adjacent cells. The DUSTIN code requires that each container location be
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sfined. 1T the user has not definea ax
and requires further input.

inestions the code returms to the location specificalion meny
E

Thie will assign containers I through I+N the
value for the node number using the following
SXPresSsion.

HELCOM (I+JM) = WUM0 + JH¥NADD

where JN ranges from 0 to W

Enter the number of the first container in this
sequence, L, MIN = 1, MBX = 20):
Enter choice: [

Enter the node number of the first container in this seguence, WUMO.
Enter choice: 20

Enter the number of nodes between containers, HADD
(MIN = 1, MAX = BO):
Enter choice: [

Number of containers te be assigned a valuae, JN
(MIN = 1, MBX = 20): ‘
Enter choice: 20

Upon completion of the input, the values are translated info cell (node) numbers and the
results are printed for review.

Centainer Node Container Node Centainer Node Container Node

3 20 2 21 3 22 4 23
5 24 & 25 7 26 8 27
g 28 ig 29 11 30 12 31
i3 32 14 33 15 34 16 38
17 36 i8 37 i9 38 20 29

0 = Keep these locations, return to menu

1 = Change one location

2 = Change all locations individually

3 = Change 2 sequsence of lecations
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6.8.4 Number of Failure Types (FD)

The FD model permits localized failure. The dala in the model has been specialized to pitting
corrosion but it may be generalized to provide an early localized failure for any process. Up to 20
different localized failure rates may be specified. If localized failure is not desired leave this value
equal fo the default value, C.

6.8.5 Corrosion Model Flag

A1 containers must have a specified time to failure. However, each container type may also
fail due to local corrosion. The choiee is specified through setting this flag to 1 for local COITOSION.
This is used only if the number of failure types is non-zero. The structure of the input routine for
this value is identical to that for specifying the time to failure and will not be repeated. This is useful
when the user desires to model a portion of the containers failing by local corrosion and the
remainder by a general failure time. The cods user could specify more than one container type and
require that one container type dees not undergo local corrosion by setting this flag to zero.

6.8.6 Localized Failure Parameters

The model for loczlized faihure has been presented in Section 2.4.2. The model requires six
parameters (the number of penetrating pits per container, the area of the container, the area scaling
$actor, the container thickness, and the two empirically determined rate parameters used to describe
pit growth). Suggested values for these parameters are presented in Appendix C. The DUSTIN code
permits the user to change every single variable independently through the use of the submenus.
Upon entering this submenu, the following instructions are printed.

The localized failure model has the form:

ares breached = npitstpl® (h**2-d%¥2)

npits = numbsr of pits per contaliner.

the container thickness.

dapth of the local panetration

Ko ¢ (B/372)%"a

,and a = empirically deterrined rate parameters
area of the waste form and © ig the time (yrs)
This model was developed for pitting of carbon
steels. Application to other materisls or failure
modes should be done with caution

o

5
h
h
K,
A

[

The current values for these parameters are then printed and the user is asked if a change is
requested.
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Thick 3] K Brasn A-scale Ko, of Pen. Index

0.0CE+00 0©.00E+0C 0.00E+00 0.00E+00 ©0.00E+00 0.00E+00 i
0.00E+00 0.C0E+0C 0.00E+CO ¢.00E+00 0.CO0E+0C 0.00E+0C 2

Do you wish te change any of these parameters (0 = Mo, 1= Yeas)
Enter cholce: f

The code then prints out the container types that reguire localized corrosion parameters and

asks which container type will receive changes.

The following contalner typss reguire localized
failure parameters:

Index = 1

Index = 2

Enter container type index (MIN = 1, MERX = 2}
Znter choice: 2

Here comiainer 2 receives the changes. The code then prints out information on the input
variables in the failure parameter menn. A full discussion of these variables can be found in

[Sullivan, 19891,

The fellowing are the range and reccomendad values
for 5% gallon carbon steel drums. If other materials
or containers are used, check your input cazefully.

0) Exit
1) Thickness (cm): 0.127 ~ §.152
For BIC's thicknesses are generally .9 -~ 1.0
2) Pitting parameter HN: 0.0 - 0.92
Mean vaiuve - 0.39
3) Pitting pavameter K {on/yrt¥M) ) : 0.03 ~ 0.15
Mean valus - 0.0737
&y Surface area (55 gallon dzum) {cnk¥2): 2.31%4
5) AREA SCALING PARBMETER, a: 0.08 - 0.32
: Mean value - 0.1%
&) FNumber of penetraticns per contalner: 500 - 85000

For carbon steels, studies indicate a
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mman value of 0.05 pits/om®i?. For a

BS gallon drow (Bres = 2.1E4 cm%TL])

This impliess 2 mean valus of: 1000
7y Imput a8ll valuss

Input selection
Enter choice: /7

I, this case, all parameters will be changed. The code then prints the following and requests
the input for all parameters on one line separated by spaces.

CONTAINER TYPE 2

Input the following localized failure paracsters

on the following line foxr Contalner type 2

Thickness W K AREA 2~BCALE HNo., Penetrations
0.15 0.4 0.08 Zled Gi5 1001

Tf the change was to be made only to a single parameter, the code prints the parameter name
and asks for the input value. It then retums to the parameter menu and asks if another parameter is
to be changed. In the example, the code asks if the user wants io continue dafa entry. If further input
s requested, the code asks which material is to receive changes. If input of local failure parameters
is complete, control is returned to the container parameter meny (i.e., the menu containing
information on number of containers, time of failure, etc.). Upon returning to that menu, the values
for the rate parameters are printed.

Thick I 4 Area A-scale Ha. of Pen. Indesx
1.50BE-0% 2.90E-C1  1.008-03% 2 10E+04 1.50E-0% 1.00E+03 i
< . 50E-01 4.00B-01 8.00B-02 2. i0E+04 1.508-01 1.00E+03 2

6.8.7 Assignment of Localized Failure Parameters to Fach Container

If more than one set of container types is requested in Menu 8.4, the user must specify the

coniziner type for each container. This assigns local container failure parameters 1o each container.
The procedure is similar to that used in specifying times to failure, the user can change any single
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container type or a sequence of container types. Upon entering this menu, the code prints out the
existing values and requires reassignment 1o non-zero values.

Container Lypes are assigned to all containexrs

Container ¥ode# Container type Container Woded Container type

i 20 0 2 21 0
3 22 0 4 23 i
& 24 0 & 25 0
7 28 ¢ 8 27 O
9 28 0 10 2% G
i 30 O 12 21 ¢
13 3z ¢ i4 33 0
15 34 2 i6 35 Y
17 38 0 i8 37 ¥
19 " 38 G 20 39 0

Container types have not been assigned
Enter assignment

1 = Change one Lype assignment

2 = Change all assignments individually
3 = Change a series to one value

Enter choice: J

To reassign a series of container types three input variables must be supplied, the container
number of the first container in the series, the number of containers in the series, and the container
type for the series. In this example, containers 1 - 10 are given type i failure parameters and
containers 11 - 20 are specified as type 2 containers.

This will assign containers I through I+ the
same valve for container type.

Enter the number of the first container in this
sequence (MIN = 1, MAX = 20)
Enter choice: [

Mupber of containers tc be assigned a value
MIN = 1, MAX = 20)
Enter choice: [0

Enter the value for the container type.
Min = 1 and MBX = 2)
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Enter choics: [

At this point, only 10 of the 20 containers have been reassigned. The DUSTIN code
automatically asks for a continvation until ail 20 containers are assigned a non-zero valus.

Centainer types have not been azsigned
Enter assignment

1 = Change cone type assignment
2 = Change all assignments individually
3 = Change a series to one value

Enter choice: J

This will assign containezrs I through I+HN the
same vaiue for container type.

Znter the number of the £irst container in this
seguence (MIN = i, MAX = 20)
Enter choice: [/

sumber of containers tc be assigned a value
(MIN = 1, MAX = 10)
Enter cheice: 0

Enter the value for the centainsr type.
(Min = 1 and MBX = 2)

Enter choice: 2

(MIN = 1, MAX = 10)

Enter choice: [0

Enter the value for the container Type.
(Min = 1 amd MBX = 2)
Enter choice: 2

Afier the container assignments are complete, the values are printed for review.

Container MNode# Container type Container Node# Container type
i 20 1 2 21 1
3 22 L 4 23 1
5 24 1 & 25 1
7 26 1 g 27 i
Ed 8 i i¢ 29 1
11 30 2 i1z al 2
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13 32 2 14 33 2
i5 34 2 1€ 35 2
17 - 36 2 18 37 2
19 a8 2 20 39 2

0 = Kesep these assigmments; go o menu

1 = Change ona type assignment

2 = Change all assignments individually

3 = Change a series to one value

Enter choice: 0

6.9 Wasteform Pargmeters

The DUST computer code simulates a wasteform in every control volume (or mixing cell) that
has & container (the maximune number of containers is 300). Each wasteform is permitted to have
2 unique inventory. However, the code permits only twenty different wasteform types to be
modeled. Each wasteform type is represented by a unique set of release rate parameters.

Again, the choice of the transport model has 2 large impact on the amount and type of input
required. The MCMC model allows an exponentially decaying release rate or 2 rinse release. The
FI model allows these two release mechanisms plus a diffusion release mechanism. Diffusive
releases are dependent on the geometry and dimensions of the wasteform. This requires additional
input. Either rectangular or cylindrical geomeltry can be modeled. The models have been presented
in detail in Section 2.5 and will not be repeated.

The wasteform parameters menu is:

Wasteforn pavaraters

1} No. of waste LYP@®8 .. ..cvoeovencorarrroomeessrsmons 0
2) Finite difference modal relaase rate parameters

3) Mizing bath model release rate paraneters

4y Initial amcunt of ICOUEEX in each container

5) Waste type assignment to each container

6) Exit to MAIN MENT

Enter choice:

6.9.1 MNumber of Waste Typss
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The number of waste types is the number of wasteforms having u
parameters. The maximum value permitted in | DUST is 20.

b wead et
Qe YeIease raLe

€

6.97 Finite Difference Model Release Rate Parameters

Upon requesting to alter the finite difference release rate parameters, the following menu is
printed.

Finite difference model release rate parameters:

0 = Exit
1 = Specify geometry of the wastefcnm
2 = Specify release rate, dimensional, and inventory fraction parameters

Enter choliecs: [

For diffusion controlled release the code contains analytical sclutions for release from
cylindrical or rectangular wasteforms [Section 2.5.3]. Therefore, the geometry must be specified.
The defauit choice is cylindrical geometry, If diffusional release from a rectangular wasteform s
modeled, the geometry flags need to be redefined.

If the geometry is to be redefined, the code prints out existing values for the flags, defines the
flags, and asks if a change is desired.

Waste type Geom Flag Waste Type Geom Fla
1 ¢ 2 ¢

Enter flags for wasteform gecnstry

0 = Cylindrical wasteform

1 = Rectangular wasteform

¢ = Keep these values, retuzn to menu
1 = Change one

2 = Change all individually

3 = Change a series to one value

Enter choice: 2
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In this example, the user has decided to change cach flag individually. The code th
the user for the flag values.

11 DTOMmGs

Gecometry flag of washe type 1
Enter choice: [

Geometry flag of waste type 2
Enter choice: 0

Ceometry Fflag entries complets.

At this point, the code prints the values for the flags and provides the user with an opportunity
to make further changes or return to the menu which accesses the release rate parameter menu below.
At this time, the example below indicates that release rate parameters require definition.

Finite difference model release rate paraneters:

0 = Bxit
1 = Specify gecmetry of the wasteform
? = Spacify release rate, digpensional, and inventery fraction paraneters

Enter choice: 2

The release rate parameter mepu follows. Again, the user can change all parameters
independently through the menu. Upon entering this menu, the current values are printed and the
user is asked if changes are desired for one or all waste iypes. In this example, two waste types
(Menu 9.1) have been reguested and the FD transport model is specified.

The finite difference model requires release vate,

inventory fraction available for each release mechanissm,

and parameters that define the size of the wasteform.

You can enter parameters for a single waste type oOX for all waste types

Current values for the pazameters are:

Wasteform 1 2

Rinse Fraction : 0.00E+00 §.00E+00
Diffusion fraction : 0.008+00 0.00E+CO
Dissolution fraction 1.00B4+00 1.008400
Parcition coefficient : 0.00E+00 ©.0CE+00
niffusion coefficlient : 0.008+00 0.008+00
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Fractional Rel Rate : 0.00E+00 ©.00E+00
Wastefornm radius : 0.00E+C0  0.00E+QD
Wastefors volums H 0.00E4+00 ¢.00E+00

Prass BEnter to Continue.

0 = Return to menu
i Change one set of release rzate paranetars
2 Change all release rate parameters

Bnter choice: 2

i

i

The code will cyele through all of the different waste types asking for changes to the release
parameters. In this example, waste type 1 has been defined and the code asks for changes to waste
type 2.

WASTEFORM TYPE: 2
REelsase Rate parameter menu

= Exit

= Change all release rate parameters

= Change inventory fraction available for ringe and diffusion
= Fractional release rate (Bulk Disselution)

W N o
I

Tham's 4) - B) arve used only by the
finite difference mocsl
= Change wasteform partition coefficient
= Change wasteform diffusiocn coefficient
Change half-width/radius of the wasteform
= Change half-height of the wasteforn
= Change wasteform volume
Enter choloa: f

@ - A
I

The first time through this menu it is necessary to define all of the parameters. For the finite
difference model, there are three release mechanisms: rinse, diffusion, and uniform. Each of these
is independent. The amount of mass available for release by each mechanism is the total mass in the
wasteform (Menu 9.5) multiplied by the fraction of mass available for each mechanism. These are
input as the fraction available for rinse and the fraction available for diffusion. The fracticn
available for uniform release is determined by requiring that all three sum to 1.

Ttem 3 on the menu, the fractional release rate, is the fraction of the uniform release fraction
that is released per year. For example, if a wasteform had an initial inventory of 1 Curie and 10%

of the inventory was available for uniform release, a fractional release rate of 0.05 per year would
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telease 0.005 Cifyr (this value would be adjusted so account for decay} due to uniform release.
Addizional releases would cecur due to the diffusion and rinse mechanisms. This parameter is also
used by the MCMC model.

Ttem 4, the wasteform partition coefficient, can be used to represent contrel of release by
reversible chemical interactions with the wasteform, for example sorption on dewatered ion
exchange resins. If this value is zero, the entire rinse mass (total mass multiplied by rinse fraction)
is released into solution upon breach of the container subject to solubility limits. If the partition
cosfficient is non-zero, releases from this wasteform can be negative. The model performs a mass
valance and determines the distribution of contaminants subject to the partition coefficient.
Therefore, contaminants in solution may be removed causing a negative release for this wasteform.

When using the partition coefficient the code user must be extremely careful so as net to account
for sorption effects twice as there is also a distribution coefficient in the transport model. This is
discussed in detail in Section 2.5.2.

Ttern 5, wasteform diffusion coefficient, is used when the diffusive release firaction is non-zero.
The code has analytical solutions for finite-sized cylindrical and rectengular wasteforms, sce Section
9 53, Values for the diffusion coefficient depend on the waste stream and solidification agent. The
Technical Position on Wasteform [Lohaus, 1991] requires that the diffusion coefficient be smaller
than 10°° om?/s for solidified wastes. A collection of diffusion coefficient values is presented in
[Sullivan, 1989].

Diffusive releases depend strongly on the wasteform dimensions. For 2 fixed value of the
diffusion coefficient, larger wasteforms will have a lower cumnulative fractionel release as compared
to smaller ones. Therefore, it is crucial to input the proper dimensions. In many cases, in order to
improve the numerical accuracy of the FI model, it may be necessary to model 2 single wasteform
using several contrel volumes. In this case, the wasteform dimensions must be input as the trae
dimensions. To properly model the total release, the wasteform mass should be evenly divided
among all control volumes representing the wasteform. For example, if 10 control volumes were
used to model a cylindrical wasteform having a height of 50 om, a radius of 25 em and with an initial
inventory of 40 curies, the proper way to model this would define 10 wasteforms all with the same
release mechanisms, i.e., 2il the same wasteform type. The radius of this wasteform type is 25 cm
and the volume is 9.82E4 cm®. The initial inventory for each of these 10 wasteforms is 4 curies.

Tor rinse and uniform release, the dimensions are unimportant in estimating wasteform
release. Therefore, if a wasteform is divided, the initial mass of the contaminant should be divided
uniformly between the control volumes.

Item 6, is a dual purpose varisble. For cylindrical wasteforms, it is the radius. For rectangular
wasteforms it is the half-width, This variable is only used for predicting diffusion release. The
analytical release models require the dimensions of the wasteform. In DUST, these are specified by
supplying the radius and volume for cylindrical wasteforms. The half-width, half-height, and the
volume combine to define the geometry of rectangular wasteforms.
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Hem 7, is the half-height of a rectengular westeform. This variable is not used for cylindrical
wasteforms.

Item 8, is the volume of the wasteform.

1€ the mass fraction available for diffusion is zero for a waste type, items 5 - 8 are not required
as input.

The following example requests the properties for waste type 2 which was previously defined
as having cylindrical geometry. The user has reguested to change all variables. The code prompts
the user for each variable and gives the reguired units.

WASTEFORM TYPE: 2

Fraetion of waste's inventory available foxr BURFACE RINSE: G/
Fraction of waste's inventory available for DIFFUSION: 0.8
Fractional Release Rate (L/vr): Jed

Wasteform partition coefficient {enwe3/gm): 0.0

Diffunion coefficient inside wastefomm {omrx2/a): o8

Radius of cylindrical waste {com}: 25

Volume of wasteform {(em*3): L67e5

Wasteform type parameters complete.

Upon completing the input routine, the code prints out the current values for the release rate
parameters and asks if further changes are requested.

cuzrrent valuss for the parameters are:

Wasteforn i 2
Ringe Fraction 3 1.00E-01 1.00B-02
Diffusion fraction : 9.00E-01L B.00E-0L

Disgsolution fraction 0.00E+00 1.00E-0%
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periition coefficient : 0.C00E+00 ©.00E+00
Diffusion coafficient : 1.008-08 1.00E-08
Fractional Rel Rate 0.C08+00 1.008-03
Wasteform radius 5.008+01 2.50E+0L
Wasteform wvolume 3.008+06 1.67E+05

praesz Enter to Continue.

Return to meni

Change one set of relesse rate parapeters
Change all relesse rate parawalers

Enter choice:

LI

ISR

693 Mixing Cell Model Release Rate Paramsters

The MCMC model permits only two release mechanisms: rinse and uniform release. In this
rinse model, thers is no wasteform partitioning coefficient. Upon container faifure, all mass is
released inio solution. If the soi! distribution coefficient is non-zero, the mass is distributed between
the soil and water instantaneously. The uniform release parameter hes the same definition as in the
FD model. Again, the release rate for this model decreases exponentially due to radioactive decay.

Two releage rate perameters, the fraction available for rinse and the fractional release rate,
completely describe the release for the MCMC model. The input routine is similar to that for the
FD model. When using the Release Rate Parameter Menu shown above, the code prevents the user
from defining variables that are not needed for this model.

694 Initial [nventory

The user must supply the inital inventory for each waste container, The units for inventory
are specified by menu item 1.3. Input can be done for each individusl container or a series of
wasteforms may be assigned an identical inventory. In the following example, the user has
previously requesied 20 waste containers (Menu 8.1) with the inventory units of curies. The code
prints the eurrent inventory (all zero by default) and asks for chenges. In this case, a series of
inventories will be set to a single value.

Input initial inventory in each container

initial inventory in curies in the wasteforms:

Container Inwv, Container Inv. Contalnar Toww. Container Inv.
i 0. 008+00 2 ¢.00E+00 3 0.00E+00 4 4. COE+00
5 0.608+00 ] G.00E+00 7 0.00E+00 B 0.00E+DD

6-47



2 0.00E+00 i0 0.00E+00 11 0.00E+00 i2 0.00E+00
i3 0. COR+00 14 G.CGOE+CO 15 C.00E+QG 16 0. 008400
17 &.00E+00 18 0.00E+00 18 0.GOE+00 2C 0.00E+0C

Keep these mass values
Change oneg

Change all imdividually
Change a seriss to one value

]

Wik 2o

|

Enter choice: J

The next few lines define waste containers 1 - 20 as having an injtial inventory of 10 Curies.

whie will assign containers I through I+H the
same value for the initial invantory

Enter the pumber of the first wasteform in this
seguence {(MIN = 1, MAX = 20):
gnter choice: [

Wurber of wasteforms to be assigned a value
(MIN = 1, MAK = 20):
Enter choice: 20

Enter the value for the initial inv. in this seguence. [0

Afier completing the input, the current values for the inventory are printed znd the user is
asked if further changes are required.

Container Inv. Container Inwv. Containez Inv. Container Inv.
i 1.008-01 z 1.0CE+0L 3 1.00E+01 4 i.00E+0L
5 L.GOE+DL & 1.9C0E+01 7 1.00E+0L 8 1.00E+01
g 1.00E+01 10 1.00E+01 il 1.00E+0% 12 1.00E+01
i3 1.00E+0% 14 i.00E+01 15 1.D0B+0L is 1..00E+01
i7 1.00E+C1 iB 1.00E+01 19 1.008+01 20 1.00E+01

o Heoep these mass valuas

1]

= Change ons
Change all irdividually

W F
]
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3 = Change = series Co one value

Enter choice:

6.9.5 Waste Type Assignment to Each Container

This varieble acts as a flag that links a set of wasteform release rate parametess to a specific
container and is required only if more than one set of release parameters are defined. The input
routine is similar to that used for inventory assignment. The user has the option of changing a single
waste type assignment, changing all waste type assignments individually, or changing a sequence
of assignments to a single value.

Upon entering this menu, the code primis the current values and asks the user if finther changes
are required. In this example, the first 10 containers are assigned waste type 1.

Wagte byps asgignment to each container
WastaeFform Cypes are assigned to all containers

Wasteform Node# Wasteform typs Wasteform Noded  Wasteform Type

1 26 o 2 21 0
3 22 0 4 23 0
5 24 o 8 25 0
7 26 2 8 27 0
g 28 8 10 29 o

11 30 ¢ 12 1 o

13 32 0 14 23 0

is5 34 0 16 35 0

17 36 0 18 37 0

i 38 0 20 38 o

1 = Change one type assigoment
2 = Change all assignuents individually
31 = Change a series to cne value

Enter choice: 4

This will assign containers I through [+ the
same value for wasteform type.

Enter the pumber of the first container in this
sequence (MIN = 1, MAX = 20}
Enter choice: [

HMumber of wasteforms to be assigned a2 valus
(MIN = 1, MBX = 20)
Enter choice: [0
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Enter the value for the wasteform type.
{(Min = 1 and MAX = 2}
Enter choice: /[

At this point, the program would print out the existing values for waste type assigniment and
require {he user to input more values. The code requires that all waste type assignments are non-zero
before allowing the user to return to the wasteform menu.

6.10  Exterpal Source/Sink Terms

The FD transport model permits the user to supply an external volumetric source/sink term.
This term: represests the rate of injection/removal of mass into the volume represented by one finite
difference control volume in the system. The exteragl source term is specified as a function of time
through tabuler input. Values are obtained through interpolation using the table. In the DUST code
this term has units of massfem®/s. The mass units are determined by the activity flag, Menu 1.3, If
the mass units are curies, the DUST code internally transforms this into grams to maintain
comsistency. The main menu for Scurce/Sink parameters follows,

Source/8ink parameters - FD Model Only

i Ho. of nodes with & SOUXGB......0ceeerearoccesonn 0
2) Wo. of source profiles....... ... .o ecasas R 0
3) Wo. of pource data points.. ... .- 0

4) Times and values of sources

B} ILeocations of sources

6} Source profile assignment to nodes with source
Tt EBmit to MAIN MENUY

If there are no external sources, items 4 - 6 of the menu are not used by the DUST code.
DUSTIN prevents the user from inputting values for these items when the number of source nodes
is Zero.

6.10.1 Number of Source Nodes

The total number of locations where 2 source exists ranges up fo 500, hewever, it is not to
exceed the nurnber of nodal (contro! volume) points specified in Menu 1.4,

6.106.2 Number of Source Profiles



The DUST code accepts up to § different source profiles. This value must be non-zero if the
nurnber of souree nodes is non-zero.

6.10.3 Number of Source Data Points

Each source profile table must contzin at least two points and no more than 8 points, The
speeified number of data points applies to every orofile.

£.10.4 Times and Values of the Scurces

The reagnitude of the source is specified in a table which contains a set of ordered pairs of
time (years) and source strength (mass/cm®/s). The code prompts the user for the ordered pairs to
be entered on 2 single line.

In the following example, the user previously requested 2 source profiles with 4 data points.
The code prints the current values for the table and then asks if further changes are requested. In
this case, profile number 1 has a concentration of 1E-5 Cifem®/s between 0 and 10 years. This
decreases to zero a1 10.01 years and remains there until 1000 years. Interpolation is used to
determine the caiculation at times not in the table, Therefore, the first time should be the problem
start time {normally 0} and the last time should be greater than the maximuam problem time, Mena
2.7.

profile & i 2
Time Source Time Sourca Pime Sourcea
G.00E4£00 C.00E+CO  0.00E+00  0.0Q0E+4QD
0.00E+00 C.O0E+00 0.00%+00 0.00E+00
0.00E+00 C.O0CE+00 (.008+00 0.008+00
0.00E+00 OC.Q0E+CC 0.00E+00 0.908400

Enter tebles of volumetric source strength vs. time:

0 = Exit
1 = Assign one table
2 = hgsign all tables

Enter choice: 2
Enter time {in yrs) and corresponding velusa of
volumetric souzce strength in units of mass (grams
or curies) per unit volume per unit time.

Profila = 1

TIME (yrs) and Source Strength: 0 IES

TIME {yrs) and Source Stremgth: [0JES
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